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Chapter 1

Introduction

Boron nitride is a material that has attracted continuous interest for more than three decades.
Like carbon, boron nitride forms a variety of atomic structures of which the hexagonal and
the cubic phase, in particular, have been the subject of extensive theoretical and
experimental work. Hexagonal boron nitride (h-BN), a sp2-bonded layered compound
isostructural to graphite, exhibits strong anisotropic physical properties. Its electronic
structure, though sharing many similarities with graphite, however, leads to a wide-gap
semiconducting behaviour in contrast to the semimetallic nature of graphite. Due to its high
thermal stability h-BN is a widely used material in vacuum technology. In addition, it has
been employed for microelectronic devices, for x-ray lithography masks, and as a wear-
resistant lubricant.
The cubic phase of boron nitride (c-BN), on the other hand, has a zinc-blende lattice
structure with sp3-hybridised B-N bonds. It is a material combining an excellent corrosion
resistance and chemical inertness with ultrahardness, exhibiting a wide band gap with the
possibility of bipolar doping as well as a high melting point. Obviously, it makes c-BN
attractive for a broad field of applications like tribological and anti-corrosion coatings or as
a starting material for high-temperature and high-power electronic devices. So the question
arises why is this material not in widespread use or why does it not experience at least
comparable interest as, e.g., artificial diamond films which exhibit similar, but in same
respect like chemical inertness or dopability, inferior properties. This has to do with
preparational and structural problems: While for diamond, methods and recipes have been
developed, among which microwave assisted chemical vapour deposition is the most
prominent, to obtain homo- or, in case of standard single crystalline Si (001) substrates,
hetero-epitaxial growth with large grains of the order of µm, the preparation of c-BN just
starts to leave its infancy.
Though various experimental approaches have been applied during the past to prepare c-BN
films, ion bombardment during film growth still appears to be a necessary condition to
obtain the hard c-BN rather than the soft hexagonal phase. Examples of applied preparation
techniques are bias sputtering, ion beam assisted deposition (IBAD) methods like dual beam
sputtering (used in present work) or beam assisted evaporation, or direct ion beam
deposition. In most preparational approaches the mixtures of nitrogen and argon ions are
used for the bombardment with energies of typically some hundred eV. As a consequence,
one expects an incorporation of Ar atoms into c-BN films with the total amount especially
depending on the applied energy of the Ar+ ions as well as the deposition temperature, both
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parameters influencing the sticking probability of argon. Furthermore, severe consequences
of the ion assisted deposition of c-BN films are nanocrystalline structure and the large
compressive stress, typically of up to 10 GPa, that builds up during film growth. The
problem is that the stresses linearly increase with growing film thickness until, at a critical
thickness, they are larger than the film adhesion to the substrate and the c-BN sample peels
off. The detailed mechanism underlying this catastrophic event is more complicated than
just described, since in practice one often observes that a c-BN film is still mechanically
stable under vacuum, but starts to peel off when exposed to ambient conditions. This points
to some additional chemical processes, probably involving water vapour, which support the
mechanical destabilisation of the c-BN film. In any case, this sets a serious upper limit to
the c-BN film thicknesses which are stable under ambient. In practice, this limit varies from
group to group using different preparation techniques as well as recipes to increase the film
adhesion, but mostly is in the range of 100 nm to 300 nm. Thus, the stress/adhesion problem
restricting maximum film thickness well below 1 µm has prevented any industrial
application of c-BN coatings.
Several attempts were reported up to now to prepare thick, stress-relieved c-BN films by,
e.g. growing boron carbide interlayers or by performing the deposition at a very high
temperature (above 1000°C) or by applying the sequential procedure, where the deposition
process is followed by an ex-situ ion bombardment (300 keV Ar+) to release the
compressive stress and repeat this sequence periodically. However, the problem of poor
crystallinity and nonepitaxial growth, which strongly impede possible electronic
applications of c-BN films, still remains as a open question nowadays. Nanocrystalline
structure with large volume fraction of grain boundaries and defects may cause some
changes in the electrical, optical and mechanical properties of the films.
Since there is considerable interest in boron nitride due to its potential importance, extensive
theoretical and experimental work has been devoted to the properties of this material.
However, not so much is known about atomic transport properties in boron nitride, which
are of great importance not only for the understanding of impurity behaviour in BN, but also
for choosing adequate processing parameters to fabricate electronic devices as well as for
finding a temperature range for their application. Only quantitative information on grain
boundary diffusion of deuterium in c-BN and h-BN has been reported up to now. Thus,
thermal behaviour of impurities in boron nitride is still an open field for research.
In the present work, after a short review of the present state of knowledge on c-BN
(Chapter 2), a standard procedure of boron nitride thin film deposition and characterisation
is described in Section 3.1 and Section 3.2, respectively. Section 3.3 presents the advantage
of sequential ion-induced stress relaxation and growth of thin c-BN layers, which are
stacked on top of each other to form a film with a total thickness in the desired range, so
allowing to obtain thick films of high quality c-BN. Here, the emphasis is put on the
analysis of interfaces of growing layers. It is pointed out the important role of deposition
temperature in preparation of c-BN films with improved crystallinity and mechanical
stability.
Since one of the important parameters of film quality is it purity, a powerful tool such as
Rutherford Backscattering Spectroscopy (RBS) is used to analyse the concentration as well
as depth distribution of contaminants in the thin films. An unavoidable contaminant in the
boron nitride films deposited by dual beam technique is argon. Argon depth profiles for
differently prepared BN films and their thermal evolution are discussed in Section 3.4.5.
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The most important information extracted from temperature dependent RBS spectra are
grain boundary diffusion coefficients of Ar in c-BN and in h-BN. Knowledge of
diffusivities of heavier noble gas, like argon, thus provide a relatively simple framework for
understanding diffusional behaviour of metal atoms, for example, which come from the
material producing electrical contact.
Since exposure to various thermal conditions is inevitable while processing experiments and
manufacturing devices, diffusion of silicon substrate atoms into boron nitride films becomes
of particular importance. This topic is discussed in Section 3.4.6.

Parts of the thesis have already been presented in the following publications:

H.-G. Boyen, P. Widmayer, D. Schwertberger, N. Deyneka, P. Ziemann. Sequential ion-
induced stress relaxation and growth: A way to prepare stress-relieved thick films of
cubic boron nitride, Applied Physics Letters, 76 (2000), pp. 709-711.

P. Ziemann, H.-G. Boyen, N. Deyneka, D. Schwertberger, P. Widmayer. Periodic
Application of the Sequence 'Growth and Ion-Induced Stress Relaxation': A Way to
Prepare Stable, Thick Films of Cubic Bon Nitride, Advances in Solid State Physics, 40
(2000), p. 423.

H.-G. Boyen, N. Deyneka, and P. Ziemann. Ion Beam assisted Growth of c-BN Films on
Top of c-BN Substrates – A HRTEM Study, Diamond and Related Materials, 11 (2002),
pp. 38-42.

N. Deyneka, X. W. Zhang, H. -G. Boyen, P. Ziemann, W. Fukarek, O. Kruse and
W. Möller. Depth profiles of Argon incorporated into Boron Nitride films during
preparation and their temperature dependent evolution, Diamond and Related
Materials, 12 (2003), pp. 37-46.

N. Deyneka, X. W. Zhang, H.-G. Boyen, and P. Ziemann, F. Banhart. Growth of Cubic
Boron Nitride Films on Si by Ion Beam Assisted Deposition at the High Temperatures,
(submitted to Diamond and Related Materials).

X. W. Zhang, H.-G. Boyen, N. Deyneka, P. Ziemann, F. Banhart, M. Schreck. Epitaxy
of cubic boron nitride on (001)-oriented diamond, Nature Materials, Letters,  2 (2003),
pp. 312 – 315.
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Chapter 2

Boron Nitride - State of the Art

2.1 Phenomenology

The layered compound boron nitride (so called "white graphite" because of its graphite-like
layer structure), which has been first synthesised in 1842, was found to be used as a good
thermally stable and chemically inert insulator with band gap of more than 4 eV
[Yuzuriha 1986]. Nowadays, it was also proposed as boron diffusion source
[Hirayama 1980], excellent barrier against hydrogen permeation [Itakura 1994] and gate
insulator for metal-insulator-semiconductor field-effect transistor [Yamaguchi 1984]. In
tribology, applications of this material are envisaged for use as a high-temperature, wear
resistant, hard solid lubricant film [Miyoshi 1986].
Since boron and nitrogen are located in the second row of the periodic table, the comparison
line can be drawn with their mutual neighbour carbon.
It is well known that carbon presents in two crystalline modifications: the tetrahedral
sp3-bonded diamond and sp2-bonded graphite. Moreover, from the point of view of
crystalline state carbon has no analogue with the other elements of group IV (Si, Ge and
Sn). The reason can be found in the electronic structure of the core of the elements of the
first row of the periodic table [Cohen 1995], which consist of s-electrons only and contains
no p-electrons, focusing them into bonds with neighbouring atoms [Cohen 1986]. This
means that sp2-hybridisation takes place only for elements of the first row.
Since sp2-hybridisation is also feasible for boron nitride (in case of graphite-like hexagonal
BN), sp3-bonded crystalline structure of boron nitride, like cubic BN, has been predicted
and first synthesised by Wentorf in 1957 [Wentorf 1957]. In 1961 Wentorf determined the
equilibrium diagram showing that c-BN is metastable, high pressure, high temperature
phase [Wentorf 1961].  His data were confirmed and improved in several later papers
[Greenwood 1984; Nassau 1994; Bokii 1979; Vel 1991]. More recently, Solozhenko and co-
workers [Solozhenko 1987; 1988; 1991; 1994] have reported a new phase boundary line of
boron nitride based on a thermodynamic calculation with some experimental results.
According to the results of Solozhenko and co-workers c-BN is a stable phase at normal
pressure up to about 1100°C. An experimental phase boundary line which intersects at about
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Figure 2.1. Phase diagram of boron nitride between hexagonal and cubic phases. The
experimental phase boundary line was presented by several groups. The solid line is a
calculated equilibrium line given by Solozhenko and co-workers.

700°C at zero pressure has also been reported previously by Maki et al. [Maki 1991]. Later
on, the independent groups of Will [Will 1998; 1998a] and Fukunaga [Fukunaga 2000]
carried out accurate high pressure - high temperature experiments on the conversion from
hexagonal to cubic boron nitride and reconversion form c-BN to h-BN in various
BN-containing systems and presented contradictory results on the phase diagram of BN
(Fig. 2.1). Boron nitride is known as a polymorphic compound. Four modifications: a
rhombohedrical, two hexagonal, and a cubic are known. However, in thin film deposition
only two BN modifications, a hexagonal h- and a cubic c- are commonly observed.
Here the comparison can be made with a diamond, which is methastable at room
temperature. Despite all analogies with respect to crystal structure and bond length between
diamond and c-BN on the one hand, and graphite and h-BN on the other hand, which result
in a large variety of common or similar physical properties of the corresponding
modifications (Table 1), there are nevertheless some basic differences between the boron
nitride system and the carbon system. The carbon-carbon bond is purely covalent, whereas
the boron-nitrogen bond is partially ionic (Table 1). For the sp2 modifications graphite and
h-BN this implies, for example, that the π electrons in the case of graphite are delocalised
within the six-membered rings, whereas in the case of h-BN they are localised mainly at the
nitrogen atoms. Graphite is therefore electrically conductive normal to the c axis, but not h-
BN. Further, the ionicity of the B-N bond causes the slight difference between h-BN and
graphite in the stacking of the previously mentioned six-membered rings. The ionicity
causes a lower bulk modulus of c-BN and thus a lower hardness, too. Anyway, c-BN is
second in hardness after diamond and hence is a natural candidate for hard, protective
coatings. Compared with diamond, c-BN has several advantages. The fact that c-BN (i) does
not react readily with ferrous metals [Vel 1991] (as does diamond [Haubner 1993]), (ii) can
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be deposited in thin-film form at  temperatures as low as 100°C and higher (unlike diamond
for which the deposition temperatures are not lower than 600°C [Haubner 1993]), and
(iii) has a high resistance to oxidation [Vel 1991] (at temperatures as high as 1300°C) makes
it even more attractive for tooling applications. Cubic BN is transparent in the infrared
[Gielisse 1967] and visible [Vel 1991] parts of the spectrum, and thus is suitable as a
material for protective coating for optical elements.
Because of its wide bandgap [Vel 1991] and good thermal conductivity [Vel 1991], cubic
BN also has the potential for the same high-temperature and high-power electronic
applications envisioned for diamond films. Furthermore, c-BN has been doped both p- and
n-type [Wentorf 1962; Mishima 1990], and can be passivated with an oxide layer
[Yarborough 1991].  Its energy bandgap is favourable also for field-effect transistors for
high-power microwave applications. In fact, a photodiode emitting in the UV has been made
from a p-n junction formed in bulk cubic BN [Mohammad 2002].

Table 1. Physicochemical properties of c-BN and diamond. For comparison purposes, the
sp2 modifications graphite and h-BN are also included [Kulisch 1999].

Property c-BN Diamond h-BN Graphite

Bond length (nm) 0.157 0.154 0.145 0.141

Bond length c (nm) - - 0.333 0.335

Coordination number 4 4 3 3

Ionicity 1 0 1 0

Atomic density (nm-3) 170 176.3 115.8 113.9

Density (g/cm3) 3.47 3.51 2.27 2.27

Bulk modulus (GPa) 369 443

Vickers hardness (GPa) ∼70 100 ∼10

Melting point (K) >2973 3800 2600 4000

Thermal conductivity (W/mK) 1300 2000 70 / 0.8 10

Thermal expansion (10-6) 4.8 0.8 2.7 / 3.7

Stability against oxidation (K) 1600 1000

Reactivity with Fe, Ni, Co (K) 1630 <1000

Band gap (eV) 6.1-6.6 5.45 4.5 Metallic

Resistivity (Ω⋅cm) >1016 >1016 1010/1012 10-3/100

Refractive index 2.12 2.4 2.10/1.75

Doping p(Be), n(Si) p(B)

Dielectrical constant ε∞ 4.5 5.7

Dielectrical constant ε0 7.1
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2.2 c-BN Growth

Whereas diamond occurs in nature, only synthetic c-BN is known. However, because cubic
boron nitride has a number of highly desirable mechanical, thermal, electrical, and optical
properties, there has been an extensive world-wide effort to synthesise thin films of c-BN.
The high temperature - high pressure (HP-HT) technique was applied to synthesise first
c-BN crystals [Wentorf 1957] and is nowadays used for the industrial growth of c-BN single
crystals. At HP-HT conditions, c-BN is believed to be synthesised in the c-BN stable region
in the pressure-temperature (P-T) space (Fig. 2.1). The main research involving HP-HT
synthesis of c-BN during recent years can be summarised along four directions:
1) optimisation of the precursor in order to reduce the experimental P-T conditions required
for synthesis [Yin 2002]; 2) development of new fluxes or flux-precursors to improve the
conversion yield and also to enhance the crystal growth of the cubic form [Larsson 2002 ];
3) improvement of the crystal growth of crystallites [Petrusha 2000]; 4) research on new
routes for synthesis [He 2001].
HP-HT technique up to now cannot exclude the presence of the impurities by using
corresponding catalyst. Besides, the resulting crystallites (sub-mm large) are too small for
most industrial application.
Low pressure synthesis of c-BN thin films has yet only been achieved far away from
thermodynamical equilibrium with techniques involving energetic particles, such as ion-
assisted physical vapour deposition (PVD) and chemical vapour deposition (CVD) or pure
ion beam deposition. However, as compared to diamond there are some difficulties in the
deposition of cubic BN films. In most cases the films are nanocrystalline with a textured
h-BN interface layer.

2.2.1 Factors Controlling Formation of the Cubic Phase

In contrast to diamond, boron nitride is a binary compound, which means that the
stoichiometry can vary. The deposition of c-BN films requires to fulfil the stoichiometry
condition B/N ≈ 1 [Hackenberger 1994]. In comparison to the carbon system, this implies
an additional constraint. During the growth process boron atoms must be attached to
nitrogen atoms and vice versa. If the formation of B-B or N-N bonds is favoured for some
reason, this can cause the termination of the crystal growth. The low-index crystal planes
(e.g. {100}, {111}) of boron nitride can be either boron or nitrogen terminated. This
complicates crystal growth by the attachment of the well defined species. This is one reason
why processes analogous to diamond deposition are not suited to reach this aim. The only
methods suited for deposition of c-BN are those which work with a strong bombardment
(50 - 1000 eV) of the growing films with ions. Irrespective of the deposition technique used,
a well-defined c-BN region exists in the parameter space, in which the deposition of c-BN is
possible. It has been shown that nucleation and growth of c-BN thin films are governed by
five interdependent parameters: ion energy Ei, flux ratio F ( = incoming ions / incoming
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Figure 2.2. Schematic diagram showing dependence of the BN modification on the ion
energy Ei and the flux ratio F (according to review given by Kulisch and Ulrich)
[Kulisch 2003].

boron atoms), the ion mass, ion angle of incidence and substrate temperature Ts

[Kulisch 1999].
In 1987, Inagawa et al.[Inagawa 1987] observed that c-BN film formation only occurred in
a specific range of ion current (i.e. ion flux) and substrate bias (i.e. ion energy) values. They
observed that process-parameter boundaries, as well as the maximum c-BN percentage
attained, were influenced by the ratio of Ar+ to N2

+ ions (i.e. ion mass).
Later on, systematic studies of the parameter space for c-BN nucleation and growth were
performed by several other groups. A recent review on various preparation methods and
their parameter spaces resulting in c-BN as opposed to h-BN is given by Kulisch and Ulrich
[Kulisch]. Since the influences of ion flux and boron flux are not independent of each other
the combined parameter, flux ratio F, is now considered. The ratio of the ion flux to the
atom (deposition) flux, F, has a significant effect on many film attributes including film
microstructure, stoichiometry, intrinsic stress. From this extension a schematic F/Ei diagram
for the deposition of c-BN can be drawn (Fig. 2.2). Fig. 2.2 shows three well-defined
regions: for low ion bombardment (energy as well as flux ratio) only h-BN is obtained. If
the ion bombardment is increased, the c-BN region is reached. For very strong
bombardments, no film growth at all can be observed.
Deposition of c-BN is possible in an energy range from 50 eV  to approximately 3500 eV
[Kulisch]. According to Fig. 2.2 lower ion energies (> ca. 50 eV) can be compensated by
high ion currents and vice versa. If ion-induced atomic displacements are important to c-BN
formation, then, as suggested by Kinder et al. [Kinder 1994] c-BN synthesis should not be
possible at energies near or below the displacement energy of atoms in BN (several tens of
electronvolts). However, there is not yet convincing evidence for c-BN synthesis below
Ei ≈ 50 eV.
In contrast to the rather narrow range of ion-to-atom ratios for which c-BN growth is
possible, films of cubic boron nitride can be grown over a wide range of temperatures.
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Substrate temperatures of several hundred degrees Celsius are commonly used in practice.
That c-BN can be grown at these relatively low temperatures has much appeal, particularly
in contrast to the temperatures 700°C ÷ 900°C typically used for making diamond by CVD
processes [Haubner 1993]. Mirkarimi et al. [Mirkarimi 1996] found a minimum threshold
temperature as low as 100°C below which only hexagonal, not cubic boron nitride, was
produced.
The existence of this low-temperature threshold is unexpected from a thermodynamic
perspective. While it has been already questioned above whether h-BN is the equilibrium
phase under ambient conditions, there is agreement that the slope of the c-BN/h-BN
boundary (∂P/∂T) is positive. This implies that at constant pressure under equilibrium
conditions, a reduction in temperature should favour the growth of c-BN, a behaviour
opposite to that of the observed temperature threshold. While the temperature of the
substrate (typically a few hundred degrees Celsius) is low compared to the melting points of
h-BN and c-BN, the ion energies per film atom required for c-BN formation are sufficient to
displace each film atom from its binding site on the order of ten times [Mirkarimi 1997a].
This very large energy input is probably the reason why c-BN synthesis is relatively
insensitive to substrate temperature once the threshold temperature is exceeded. The
temperature dependence for making sp3-bonded BN is also different from the temperature
dependence for synthesising sp3-bonded amorphous carbon. Apparently there is not a
temperature below which sp3-bonded carbon cannot be formed [Cuomo 1991].
Matsumoto et al. [Matsumoto 2001] and Litvinov et al. [Litvinov 1999] as well as Franke et
al. [Franke 2000] have used low ion energies to synthesise high c-BN content films at very
high temperatures (800-1200°C). Zhang and Matsumoto [Zhang 2000] reported that this
route can allow for growth of thick c-BN films since the residual stress is reduced, as
discussed further in Section 1.3.1. The microstructure of the BN films clearly varies with
substrate temperature. Using cross-sectional HRTEM and IR analysis, it was observed that
the thickness of the interfacial sp2-bonded layer increased with increasing substrate
temperature [Matsumoto 2001a]. This effect could be compensated by increasing the ion-to-
atom ratio. The crystallinity of the c-BN worsens as the growth temperature decreases, as
evidenced by an increasing width of the c-BN TO phonon in IR spectroscopy
[Litvinov 1998].
In most experiments all deposition parameters are kept fixed during film growth, though
experimental evidence has been provided that this is not obligatory. McCarty et al.
[McCarty 1996] have shown that c-BN can be grown below the threshold temperature on c-
BN which itself has been grown above the threshold temperature. They suggested that c-BN
nucleation requires a higher temperature than c-BN growth. Feldermann et al.
[Feldermann 1999], using the mass-separated ion-beam deposition (MSIBD) technique with
extremely low ion currents, were able to continue the growth of c-BN at room temperature
for various ion energies between 175 and 500 eV. Rather, the flux ratio as well as the
incoming energy of the ions can be changed towards smaller values once the first formation
of the c-BN phase has been obtained [Hahn 1997; Litvinov 1997]. These observations
strongly support the idea that a nucleation and a growth process can be distinguished.
Though in the context of the present work, the details of the various preparation processes
and their parameters play a minor role.
While the vast majority of c-BN film studies have employed silicon substrates, several other
substrates have also been used. Films with a high c-BN fraction can be deposited on a wide
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variety of substrates. The literature indicates that the highest c-BN-content films form on
hard, covalent substrates such as Si, SiC, and diamond. Although Mirkarimi et al.
[Mirkarimi 1995] observed that BN films deposited on soft metal substrates (Al, Ag) had a
much lower h-BN content than films on harder metal substrates (Nb, Ta, Ni), suggesting
that substrate strength plays a role in c-BN formation.
Having difficulties in obtaining c-BN on insulators Mirkarimi et al. [Mirkarimi 1995]
suggested that substrate charging could be causing a reduction in ion-current density. As
discussed further in Section 1.3.1, the substrate may also influence film adhesion.
Ikeda et al. [Ikeda 1990] observed that surface roughness can influence c-BN film
formation. Growth on a smooth silicon surface (max. roughness < 0.01 µm) gave a much
higher c-BN content than growth on a 'rough' (max. roughness < 0.4 µm) silicon surface
[Ikeda 1990]. A possible explanation is that the roughness shadows small areas of the film
from ion irradiation.
In addition contaminations can play an essential role in the process of c-BN formation.
Though hydrogen is inevitably involved during CVD, the role of hydrogen in c-BN
synthesis is not clearly understood. Freudenstein et al. [Freudenstein 1997] proposed that
the incorporation of hydrogen in the BN film inhibits the nucleation and growth of c-BN
film. Films with high contents of the cubic phase can be obtained only if their oxygen
concentration is low (< ca. 3%) [Kuhr 1995a; Lüthje 1995]. For too high O contents, the
formation of c-BN is suppressed completely. Similar to oxygen, Fe atoms, incorporated
during deposition, can also prevent formation of cubic phase. Carbon, on the other hand, can
be incorporated in considerably higher concentrations (≈ 15%) [Kuhr 1995a; Lüthje 1995].
Furthermore, it has been generally found that both the grain morphology and the developing
textures are sensitive to the environmental impurities being present during the film
preparation [Barna 1997].
With respect to the modelling of the basic mechanisms of c-BN deposition, an intense
controversy is indeed taking place at the present time [Mirkarimi 1997a; Kulisch 1997].
Nevertheless, all models, e.g. the static stress model [McKenzie 1993a; Davis 1993], the
dynamic stress model [Mirkarimi 1994], the subplantation model [Robertson 1996], the
quenching model [Hofsäss 1996] which subsequently was developed into the cylindrical
spike model [Hofsäss 1998], and the sputter model [Reinke 1995; 1998] share same
common basic aspects. The arguments in these models concern, rather, the weights of the
influences of various effects.

2.2.2 Survey of Cubic Boron Nitride Film Synthesis Techniques

In this section the most often used deposition techniques are presented. As it was noted in
the previous section, energetic-particle bombardment during film growth is necessary to
synthesise high c-BN-content films. Thus the processes differ primarily in the sources of B
and N and how the ions or atoms are generated and transported to the substrate. All those
techniques where the source compounds are introduced as gases or vapours into the reaction
chamber are labeled as CVD. In PVD methods at least one of the source materials is
introduced in solid form into the chamber, where it is transferred into the gas phase by
physical means (e.g. evaporation or sputtering) [Yarborough 1991].



Chapter 2 BORON NITRIDE – STATE OF THE ART                                                  11
__________________________________________________________________________

Two types of processes must be considered. Processes in a group of ion beam based
techniques (type I) can be divided into two sub-types. The first one is mass-separated ion-
beam deposition (MSIBD) where films with high c-BN content can be grown solely by the
direct deposition of energetic boron and nitrogen ions [Hofsäss 1995a]. In this unique
process, singly ionised B+ and N+ provide the ion irradiation and the deposition flux, i.e. no
other ions (such as  Ar+, B+  +, or N2

+) and no neutral atoms (B0, N0) are involved. The
technique has the advantage of allowing for precise, independent control of the ion-
bombardment parameters (flux, energy) of all species, provides reduced film sputtering and
leaves no unwanted residual inert gas in the films.
In the second sub-type, boron or boron nitride is deposited by evaporation, sputter erosion
or laser ablation while the growing film simultaneously is bombarded by ions from an ion
source. Thus all these techniques are classified as ion-beam-assisted deposition (IBAD)
techniques.
Ion-assisted electron-beam evaporation, sometimes referred to as 'ion plating', was one of
the first techniques used in early attempts at c-BN synthesis [Inagawa 1987; Fukarek 2001].
IBAD with two independent ion sources (dual beam technique) will be described in detail in
Section 3.1.
Synthesis of polycrystalline c-BN films using ion-assisted pulsed laser deposition (PLD) is
well established [Reisse 2002]. Advantages of using ion-assisted PLD for c-BN deposition
include: (i) separate ion and deposition sources, which permits independent control of the
deposition rate, ion flux, etc.; and (ii) the simplicity of the technique, in which
multicomponent (i.e. BN) targets can be used. Disadvantages of PLD include limited
potential for industrial scale-up and particle incorporation into the film.
Thus, from a more fundamental point of view, ion beam based techniques appear especially
appropriate allowing good control of the fluxes and energies of both the deposited and
bombarding species.
The other group of processes can be generally labelled as plasma techniques (typeII). Two
sub-types are important: in the first one , rf or dc sputtering of B, BN or B4C targets is used
while the second one utilises volatile boron sources such as B2H6 borazine, or trimethyl
borazine. Ions, that are necessary for the bombardment, are extracted from the plasma
usually by means of rf bias, in some case also by application of a dc bias.
The use of magnetic fields to extend the sputter-source plasma out toward the sample can
increase the ion flux on the film, and hence allow for a higher deposition rate in magnetron
sputtering. Radio-frequency (rf) magnetron sputtering, needed when insulating targets such
as h-BN and boron are used for c-BN deposition [Khizroev 2001; Keunecke 2001; Li 2001].
More conductive B4C target can be easily transferred into the gas phase by means of high-
rate dc sputtering [Lüthje 1995]. Cathodic arc evaporation is a process capable of high
deposition rates in which a large fraction of the evaporated atoms are ionised.
Unfortunately, the technique requires an electrically conductive target and boron and boron
nitride are insulators at room temperature. However, boron does become conductive at high
temperatures ( > 800°C). Lunk et al. [Lunk 2001], Krannich et al. [Krannich 1997] and
Richter et al. [Richter 1996] have used heated boron sources to deposit nearly phase-pure
c-BN films by cathodic arc evaporation. Other techniques applied so far to prepare c-BN
films include bias sputtering [Mekki 1999; Fukarek 2000; Wakatsuchi 2001], pulsed-DC
magnetron sputtering [Yang 2001] and magnetically enhanced active reaction evaporation
(ME-ARE) [Tian 1999].
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In most preparational approaches various mixtures of nitrogen and argon ions are used for
the bombardment with energies of typically some hundred eV. However, that inert gas
incorporation is not a necessary factor in c-BN formation [Plass 1996a]. A technique which
operates without argon ions is electron cyclotron wave resonance (ECWR) plasma assisted
deposition [Cao 2001], where ECWR plasma serves both to sputter the h-BN target and to
simultaneously bombard the growing film. The application of a nitrogen plasma beam of
high current density ensures the stoichiometry of the deposit and promises the uniform film
growth at a considerable growth rate (~1µm/h) even with ion energies down to 70 eV.
Since sputtering is commonly used in industry for depositing hard coatings, the sputtering
studies have addressed solving the practical problems needed for industrial implementation.
One disadvantage of sputtering for research studies is the inherent coupling of the ion flux
and deposition flux, which makes them more difficult to independently vary.
Plasma-enhanced chemical vapour deposition (PECVD) was one of the first techniques used
to deposit predominantly c-BN films [Soltani 2001; Sugino 2001; Kim 2000; Kim 2000a].
Ions from either a microwave [Yarborough 1991] or an DC jet [Matsumoto 2000] or an RF
[Liao 2001] plasma  are extracted and accelerated to the biased substrate. Bombardment
with energetical particles during growth is achieved by means of substrate biasing. A variety
of source gases have been used to produce predominantly c-BN films. CVD processes
usually have higher substrate temperatures than PVD processes because they rely on
thermally driven chemical reactions to crack the source gases, whereas in PECVD the
plasma serves that purpose [Yan 2001].
Like sputtering, CVD is a practical deposition technique that is amenable to industrial scale-
up. CVD is generally inexpensive and can coat irregular shapes better than the PVD
techniques. The current disadvantages in using PECVD for c-BN film synthesis include:
(i) more variables and possible contaminants than PVD techniques, since unwanted species
are sometimes incorporated in the films, while BN films have been grown from the single
source precursors; and (ii) the use of hazardous source gases such as diborane. In plasma-
based deposition process the control and quantification of bombardment parameters is not
so direct as in IBAD.
It may be worth noting that very recent results on the possibility of substituting the Carbon
atoms of nanotubes by boron and nitrogen atoms forming boron nitride nanotubes
[Golberg 1999] as well as the observation that h-BN may be transformed into c-BN during
the exposure to an hydrogen plasma [Konyashin 1999] indicate interesting new
preparational approaches. Here, also first hints to the possibility of a transformation from
h-BN to c-BN induced by ion or electron bombardment should be mentioned
[Banhart 1999].

2.3 Open Questions

As it has been shown in previous section, BN films with a high ( > 85%) percentage of the
cubic phase can now be routinely deposited by a variety of techniques. In addition, the
understanding of the experimental parameters that control phase formation in the BN system
has advanced considerably over the last several years. However, the possibility of
technological implementation of c-BN films remains. For example, the difficulty in
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depositing thick, adherent films under practical deposition conditions limits the use of c-BN
as a hard, protective coating. Also, non-cubic BN phases tend to form before c-BN is
nucleated [McKenzie 1990; Takamura 1999]. Because the crystallinity is poor and epitaxial
growth has not been achieved, electronic applications are not yet practical.

2.3.1 Adhesion

As mentioned above, the preparation of c-BN demands a low energy ion bombardment
during film growth leading to a densification of the h-BN starting phase and, finally, to the
formation of c-BN, but inevitably accompanied by the built-up of ion-induced defects. Such
ion assisted growth processes are commonly observed to result in compressive stresses
[McKenzie 1993], an effect, which in c-BN is strongly enhanced due to the extraordinary
large value of the bulk modulus of 712 GPa [Brookes 1986]. Thus, even small relative
displacements lead to huge compressive stresses, which represent a major problem in the
context of c-BN film preparation and the main hinderance for its application in the field of
functional coatings. The problem is that the stresses linearly increase with growing film
thickness until, at a critical thickness, they are larger than the film adhesion to the substrate
and the c-BN sample peels off. To illustrate the process, in the following series of pictures
taken by confocal microscopy, first (Fig. 2.3 a) a thin (180 nm) compressively stressed
c-BN film just after preparation is shown, which under ambient conditions, is close to its
delamination limit. Fig. 2.3 b presents the same film after its delamination.

Figure 2.3. Series of pictures taken by confocal microscopy: (a) A compressively stressed c-
BN film (thickness 180 nm) at ambient conditions just after preparation; (b) the same film 1
hour later showing the delamination from the substrate.

This sets a serious upper limit to the c-BN film thicknesses which are stable under ambient.
In practice, this limit varies from group to group using different preparation techniques as
well as recipes to increase the film adhesion, but mostly is in the range of 100 nm to
300 nm. This limitation in thickness represents a serious barrier in the development of c-BN
film technology preventing, e.g., its application as a superhard coating for cutting tools,
where thicknesses of the order of microns are required.

a b
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The detailed mechanism underlying this catastrophic event is more complicated than just
described, since in practice one often observes that a c-BN film is still mechanically stable
under vacuum, but starts to peel off when exposed to ambient conditions. This points to
some additional chemical processes, probably involving water vapour, which support the
mechanical destabilisation of the c-BN film.
Cardinale et al. [Cardinale 1994] placed highly stressed c-BN films in either (i) vacuum,
(ii) dry-oxygen, (iii) dry-nitrogen, or (iv) high-humidity environments. Films stored under
high-humidity conditions delaminated within a day, while films stored in vacuum, dry
oxygen, and dry nitrogen showed no signs of delamination after several weeks. The
undelaminated films were subsequently placed under high-humidity conditions and
delaminated within a day. Thus H2O appears to have a much more deleterious effect on
c-BN adhesion than, for example, O2, Cardinale et al. [Cardinale 1994] suggested that water
may react with BN according to the following reaction:
13/2O2 + 8BN + H2O → 2[(B2O3)2(OH)] + 4N2

The volumetric expansion at the interface accompanying reactions such as this would
enhance film delamination. Hahn et al. [Hahn 1996] have subsequently measured an O/H
ratio of 6.8 in their delaminated films, consistent with the O/H ratio of 7 expected from the
above reaction.
Thus, the evidence suggests that stress and moisture are the primary factors contributing to
c-BN film delamination. However, all the above studies used silicon substrates, and whether
these findings can be generalised to other substrates is not known. Since the film stress is
largely intrinsic, rather than from thermal mismatch, it should not be a strong function of the
substrate type, as long as the substrate can support the stress. The hydrolysis component of
the delamination process may have substrate dependence, i.e. matrix effects might influence
the chemical reaction cited above. Also, the adhesive strength at which delamination occurs
may change with the substrate and thereby the maximum tolerable film stress may change.
The literature indicates that there is significant improvement in c-BN film adhesion when
diamond substrates are used [Murakawa 1990; Kester 1994].
In the past few years most work concentrated with considerable success especially on the
solution of the stress/adhesion problem. Several ways to overcome this problem has been
proposed. Since c-BN films deposited directly on silicon delaminated readily in air, film
adhesion has been enhanced (improved) by depositing buffer-layer films and multilayers
between the substrate and the c-BN film and by using ion-mixing techniques. Use of an
intermediate boron layer and a boron-rich graded BNx layer [Ikeda 1990; Murakawa 1990a]
or boron carbide interlayers [Keunecke 2001] beneath the c-BN layer prevented film
delamination for longer air exposure. It was observed that also BNx/Ti layers on WC-Co
substrate [Ikeda 1991]and the buffer layers BxNyAl1-x-y and BxNySi1-x-y provided an
improvement in adhesion [Mirkarimi 1997a]. Recently, it was either shown, that mechanical
stability of the c-BN film can be achieved, when cubic phase is nucleated on curved
sp2-bonded planes [Li 2002].
Another way out of this problem is to try and improve the c-BN adhesion by removing the
stress after or during deposition. Several researchers have attempted post-deposition
annealing at temperatures of 800 - 1000°C for tens of hours, with only limited success
[Ronning 1997; Sell 2002]. Annealing away stress during film synthesis by operating at
higher deposition temperatures, however, is very promising [Deyneka]. Another technique
is that of McKenzie et al. [McKenzie 1995] and Clarke et al. [Clarke 2001] involves higher
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ion energy for nucleation than subsequent growth. It was either shown that stress can be
reduced by MeV ion irradiation following the deposition of c-BN films [Ullmann 1999] or
by simultaneous medium-energy ion implantation [Fitz 2002]. In the present work emphasis
is put on a recently developed procedure [Widmayer 1999] to prepare thick, stress relieved
c-BN films, which is based on relaxation mechanisms induced by the bombardment of
compressively stressed samples with medium energy inert ions like 350 keV Ar+

(Sec. 3.2.8). Still, the successful preparation of c-BN films with a thickness beyond 1 µm
has been reported in the literature only for very few cases [Barth 1997; Litvinov 1999;
Boyen 2000; Yamamoto 2000].
However, even these newer processes need much improvement (most important, higher
growth rates) for industrial viability. An alternative approach has been reported recently. By
combining the deposition at a very high temperature (above 1000°C) and low ion energy, a
condition suggested earlier by Litvinov and Clarke [Litvinov 1999], with the extraordinary
high rates obtained in a DC jet plasma, Matsumoto and Zhang succeeded in preparing high
quality thick (up to 35 µm) c-BN films exhibiting surprisingly low compressive stresses of
the order of 2 GPa [Matsumoto 2000 and  Zhang 2000]. Unfortunately, it is not clear up to
now if this thick film can be stable under ambient conditions.
Since commercialisation will require economical, high-growth-rate processes that give
uniform, adhesive films over large areas, most of these approaches are not compatible with
industrial needs as they are time and cost expensive or require very high temperatures. Thus,
the quest is still on for techniques and processes allowing the deposition of thick, well-
adherent c-BN films applicable on an industrial.

2.3.2 Crystallinity

Likewise, the coating techniques suitable for c-BN deposition are now well-established,
even if these techniques are at present almost exclusively applied on a laboratory scale. The
great problem of c-BN deposition at the present time lies in the basic properties of the
deposited layers, which fail to fulfil technological requirements by far. The nanocrystalline
structure of the films and an undefined crystal orientation are aspects which could be
improved or, at least for certain applications, even tolerated. These problems as well as poor
adhesion prevent not only the technological application of c-BN coatings but also their
characterisation with respect to technologically relevant properties. As a consequence,
current research in the field of c-BN deposition concentrates mainly on possible solutions of
these problems.
Cao [Cao 2001] and Hofsäss et al. [Hofsäss 2002] demostrated that by applying ECWR
plasma assisted deposition and MSIBD respectively c-BN film shows textured structure.
The deposition technique presented by Zhang et al. [Zhang 2001] allows to deposit thick
textured c-BN film with columnar crystals in micrometer size, but each crystallite has large
amount of structural defects such as stacking faults and twins [Matsumoto 2001a]. It is well
known that structural defects strongly influence many material properties. Additionally,
presence of grain boundaries is a serious problem in the defining of the mechanical, optical
and electrical properties of the film because the material density, crystal structure and local
grain orientation changes at grain boundaries have a jump character.
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Moreover, even though Matsumoto had success to grow thick c-BN film, high substrate
temperature (1000°C) during deposition causes the formation of relatively thick h-BN
interlayer. For hard-coating applications, the sp2-bonded BN interlayer of several tens to
hundreds of angstroms (or even hundreds nanometers [Matsumoto 2001a]) may be an
serious problem. If the interlayer contributes significantly to the poor adhesion discussed
above, or degrades mechanical properties, then it will need to be reduced or eliminated.
However, this is not clear since some researchers have intentionally added a graded sp2-
bonded BN layer to improve film adhesion [Yamamoto 2000]. Besides, the sp2-bonded
layer is a serious barrier to growth of epitaxial c-BN films. Probably, the choice of right
substrate can help to overcome this problem. Resent investigations made by Feldermann et
al. [Feldermann 2001] and Zhang et al. [Zhang 2003] show the possible nucleation of
nanocrystalline c-BN film directly, without h-BN interlayer, onto AlN or GaN  and diamond
substrates respectively, so that heteroepitaxial cubic BN film can be grown.

2.3.3 Grain Boundary Diffusion

It is frequently observed that the electrical properties of semiconductor can be changed
during heat treatment. Most of these changes are attributed to different phenomena as
interdiffusion, dissolution or segregation of impurity atoms and they are of particular
importance because exposure to various thermal conditions is inevitable while processing
the experiments and manufacturing the devises. Since one of the great interest to c-BN is its
application for electronic devices, one key issue when realising BN devices is diffusion of
dopants and impurities to fail the electrical properties. Quantitative information on the
atomic transport properties of the doping elements as well as elements from the material,
producing electrical contact, in boron nitride is of the great importance not only for the
understanding of impurity behaviour, but also for choosing processing parameters to
fabricate the electronic devices.
In the manufacturing of electronic devices, it is also often required that a contact between
contacting layers is highly nonideal with regard to the transport of matter, i.e., that a very
large resistance exists against the transfer of matter across the contact interface and
therefore the interface acts as a diffusion barrier. An example can be found in the fabrication
of thin film transistors. In this case it is necessary to prevent the transport of impurities from
the substrate into the channel and gate dielectric regions of the thin film transistors. Often
the diffusion resistances of clean interfaces are not sufficiently large to prevent such
transport. In such cases, thin films of materials with high bulk diffusion resistances are used
to increase the diffusion resistances of boundaries. In the semiconductor industry it is a
common practice to deposit thin film barrier layers to prevent undesired mass transport
between adjacent device layers.
Regarding to the dense structure of cubic boron nitride combined with its excellent
corrosion resistance, chemical inertness and high melting point, c-BN can be a promising
barrier layer material, which diffusional characteristics are strongly desirable. However,
even though some data on diffusion in diamond is available [Ahlgren 1998; Narducci 1990;
Chrenko 1977; Popovici 1995; Sung 1996], much less research has been done on diffusion
of impurities in the c-BN or h-BN lattice. For the best knowledge, only deuterium effusion
from nanocrystalline boron nitride films has been studied and diffusion parameters, such as
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pre-exponential factor and activation energy, have been evaluated [Checchetto 2000;
Checchetto 2001].
Since boron nitride films are shown to be polycrystalline, the important role of grain
boundary diffusion must be taken into account. Grain boundary diffusion is well recognised
to be a transport phenomenon of great fundamental interest and technological importance.
The fact that grain boundaries in metals provide high-diffusivity paths was known already in
the 1930s. The subject of grain boundary diffusion in nonmetals is still in budding stages.
A number of factors are responsible for hindering a clear understanding of the phenomenon
of grain boundary diffusion in nonmetals, especially oxides and ceramics. One major
practical problem with these materials is the difficulty of controlling their purity as well as
stoichiometry.
Another characteristic which makes their behaviour much more complex than metals is their
ionic nature, which leads to the formation of an electrostatic potential at the grain
boundaries. This means that a boundary in an ionic material is charged. As a result the
boundary is surrounded by a balancing layer of space charge [Kingery 1974] extending into
the crystal. This leads to the possibility of grain boundary width in these materials being
orders of magnitude larger than that in metals [Mistler 1974]. Theoretical calculations of
Yan [Yan 1977] on space charge contributions to grain boundary diffusion and experimental
investigation of Atkinson and Taylor [Atkinson 1981] support the view that the effective
grain boundary width in ionic materials is most likely to be of the same order of magnitude
as in metals.
It may also be mentioned that the reported enhancement in diffusion for ionic materials is
also very weak [Kaur 1988]: DGB/D being only 1.5 to 2, where DGB is grain boundary
diffusivity and D is volume diffusivity. Nothing could be more ridiculous than this.
Imagine, applying all sophisticated analytical models of enhanced grain boundary diffusion
(DGB >> D) for evaluation of the data only to find out eventually that DGB = D !
Furthermore, it appears that the behaviour of nonmetals with regard to grain boundary
diffusion may not really differ much from that of metals [Kaur 1988]. This is strongly
suggested to use the models developed for grain boundary diffusion in metals for evaluation
of diffusion coefficient in nonmetalic compound such a boron nitride.
In order to understand the diffusion behaviour of impurities in boron nitride, basic research
on boron nitride diffusion coefficients must be done. Since heavier noble gas, like argon,
incorporated in the film is not expected to cause major changes in the structural architecture
of BN, knowledge of noble gas diffusities thus provide a relatively simple framework for
understanding what is expected to be more complex behaviours of metal atoms. In this work
the temperature dependent behaviour of Ar in both h-BN and c-BN will be discussed.
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Chapter 3

Results and Discussion

3.1 Preparation of boron nitride films

3.1.1 Apparatus: Preparation and Analysis Chamber

The UHV-apparatus for the film preparation and analysis is presented on the Fig. 3.1.
Preparation and analysis chambers are connected via a load lock system allowing the
transfer of the sample (i) without changing its temperature; and (ii) without the need to
break preparation conditions in the preparation chamber. The sample holder is fixed at the
end of the movable and free rotated rod. The sample is amounted directly on the commercial
h-BN heater and can be heated up to the temperature 1400°C. Normally, the sample is fixed
between two masks. The masks are constructed in a way to prevent from the breaking of the
substrate edges. In order to avoid diffusional wending at high temperatures all sample fixing
elements are made of molybdenum. Moreover, the sample holder is supported by water
cooling circulation.

Figure 3.1. Dual beam sputter
machine with separated
preparation and analysis
chambers.
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Figure 3.2. Ion beam assisted deposition – assembly and geometry.

The transfer rod with a sample holder can be introduced in the preparation chamber through
the differential pump system, so that the residual gas pressure prior the deposition can be
kept at less than 2x10-9 mbar in the preparation chamber.
The preparation chamber is supplied with two independent 3 cm Kaufmann ion sources
(dual beam techniques). The first source delivers Ar+ ions, which hit a rotated water cooled
target cube with energy of 1.3 keV. In this work the elemental boron (99.9%) was sputter
eroded. The incoming angle of the ions is 45° and the reflected ions are caught within a
shielding, while the sputtered target atoms are deposited onto the substrate, which is
positioned 28° off the target normal (Fig. 3.2). The growing film is simultaneously
bombarded with a mixture of Ar+ and N2

+ ions form the second source hitting the film under
45° with a typical energy of 280 eV. Ion current from the second source can be controlled
by a Faraday cup. In order to reduce the Fe contamination in the growing film (the influence
of the contaminations on the c-BN quality was discussed in Sec. 2.2.1) graphite shield is
used in front of first ion source preventing sputtering of the surrounding steel aperture.
The analysis chamber is assembled with an Omikron electron spectrometer consisting of an
electron source (< 3 kV) and a cylindrical mirror analyser (CMA 150) with a resolution of
∆E / E < 0.5% . So that Auger Electron Spectroscopy (AES) and electron energy loss
spectroscopy in reflection can be performed for the film analysis. The base pressure in the
analysis chamber is 10-10 mbar. The residual gas pressure is usually increases up to
10-9…10-8 mbar while a fresh prepared film is transferred into analysis chamber.
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3.1.2 Deposition Details

Substrate preparation. CrysTec Silicon (001) single crystal wafer with a thickness of
0.375 mm was used. The wafer was both sides polished up to the roughness < 1 Å. Weak
B-doping leads to a p-resistivity of 300 ÷ 1000 Ω⋅cm. The thickness of the near surface
silicon oxide layer is about 2 ÷ 4 nm as measured by ellipsometry. Depending on the
following characterisation technique the wafer was cut manually into 2x10 mm or 4x10 mm
pieces with Diamond-Scriber from ATV Technology. In order to achieve the optimal
surface clearness prepared substrates were cleaned under the microscope with ethanol and
filter paper.

Standard deposition of c-BN. The optimisation procedure of the preparation conditions has
been done by P. Widmayer [Widmayer 1999]. A film with a high content of the cubic phase
can be obtained by using following deposition parameter:
• Substrate temperature - 420°C;
• Ar flux for the ion source I (Fig. 3.2) - 5 sccm;
• Boron rate according to monitoring of the in situ quartz oscillator  - 0.017 nm /sec;
• Gas rate for the ion source II (Fig. 3.2) - Ar : N2 = 1.0 sccm : 1.5 sccm;
• Ion current density of the assisted source (source II) as controlled by Faraday cup -

76 µA⋅cm-2;
The ratio of bombarding ions from the second source to the number of the deposited boron
atoms comes to 3 ions per boron atom.
These parameters  allows to grow c-BN films with the deposition rate of 0.028 nm / sec.

Deposition of the h-BN film. By simply reducing the deposition temperature down to room
temperature while keeping all other standard conditions constant a film with the hexagonal
structure can be grown.

High temperature deposition. As it was described in the Sec. 2.3.1 the alternative way for
the preparation of high quality c-BN films (with improved grain sizes and overall
crystallinity) is the deposition at elevating temperature. Furthermore, high Ts values also
result in a clearly reduced compressive stress of the films thus allowing a larger film
thickness. Temperature plays important role in the nucleation of the cubic phase. That is
why increasing as well as decreasing substrate temperature twice as the moderate value
without changing any other deposition parameters leads to the formation of the hexagonal
phase.
Cubic boron nitride films were prepared on top of Si (100) substrates by dual ion beam
deposition using a two-stage process [Deyneka]. Prior to the growth of c-BN at high Ts, first
a c-BN seed layer was deposited on Si substrates under the standard conditions (at
Ts = 420°C) already given above. A c-BN seed layer turns out to be necessary to obtain
c-BN when growing at Ts > 800°C. The thickness of the seed layer was adjusted to 30 nm
guaranteeing a well-defined closed c-BN layer at the surface of the film.
The growth of the c-BN seed layer was followed immediately by depositing a second layer
on top of it at elevated temperatures. Ion bombardment during film growth still appears to
be a necessary condition to obtain the cubic rather than hexagonal phase. In order to prepare
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the cubic phase at elevated temperatures the strength of ion bombardment has to be
increased pointing to structural relaxation processes, which have to be compensated. If,
however, all growth parameters are optimized, the c-BN films can be grown at Ts > 800°C.
This means that not only temperature but also operation parameters of the second source
should be different. According to optimization procedure following changes from the
standard deposition conditions has been done by growing a film at 1000°C:
• Gas rate for the ion source II - Ar : N2 = 1.5 sccm : 1.13 sccm;
• Ion current density of the assisted source (source II) as controlled by Faraday

cup > 86 µA⋅cm-2;
The ratio of bombarding ions from the second source to the number of the deposited boron
atoms is 4.25 ions per boron atom.
The strength of ion bombardment can be expressed quantitatively by the total momentum
transferred by the ions per boron atom:
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where F+ is the flux of ions, FB the flux of boron atoms, m+ and E+ mass and energy of the
ion species, and the summation must be performed over all types of ions present in the ion
beam [Kester 1992]. In the present study, the variation of the parameter P/a is accomplished
by modifying the current density of the second ion beam F+ and, in some cases, by changing
its Ar:N2 ratio from 10:15 to 15:11. Fig. 3.3 demonstrates how the parameters Ts and P/a
can be used to separate parameter regions resulting in c-BN growth from those giving h-BN.
The solid symbols represent films with a cubic phase content larger than 90% in the top
layer, while the open symbols indicate those with a c-BN content below 50%.
Correspondingly, the half-full symbols represent films with a c-BN content between 90%
and 50%. As can be seen from Fig. 3.3, at Ts = 420°C a P/a value of 400 (amu⋅eV) 1/2 is
sufficient to grow the cubic phase as opposed to higher substrate temperatures. There, a
significantly enhanced ion bombardment leading to higher P/a values is required in order to
obtain the cubic phase. Thus, one concludes that relaxation processes which become
possible at elevated substrate temperatures around 1000°C play a decisive role with respect
to the resulting BN phase and its long term stability. This is interesting in the context of
recent work by Hofsäss et al. [Hofsäss  2002], which emphasizes the fundamental role of
ion bombardment for the synthesis of c-BN. Based on the model of cylindrical spikes
induced by nuclear collisions during the ion bombardment, they stress the ratio Nth/Ntot of
atomic rearrangements occuring within a spike Nth to the total number of atoms within its
volume Ntot as being the key parameter leading to c-BN growth if larger than one. This
parameter, however, is independent of the substrate temperature, which thus should play a
negligible role at least as long the local effective temperature attributed to a spike event is
much larger than Ts, a condition easily met with standard depositions [Hofsäss 1998].
Correspondingly, within the range 150°C ≤ Ts ≤ 350°C the volume content of c-BN films
deposited with 500 eV turned out to be practically independent of Ts, while the lower
threshold was attributed to the necessity to form nuclei. This latter point can be excluded
here, since our high temperature depositions were performed on top of a c-BN seed layer.
Rather, in the present case, all parameters determining the spike behavior are kept constant
varying only the substrate temperature. Thus, the observed necessity to increase the P/a-
parameter appears to be surprising. One step further, this increase could be accomplished by
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exclusively enhancing the flux of the bombarding ions keeping their energy fixed. In other
words, only the temporal sequence of the ion induced spike events have been increased
without changing Nth/Ntot. Such a flux dependence is a strong hint on the existence of a
thermally driven decay process of the c-BN phase with a temperature dependent
characteristic time constant τ(T) counteracting the ion assisted formation of the cubic phase.
This immediately explains the above observation if τ(T) decreases with increasing
temperatures and, thus, the decay process has to be compensated by an enhanced ion flux.
It should be noted, however, that c-BN films prepared at 1000°C were also thermally stable
at this temperature.

Figure 3.3. Dependence of the mean total incorporated momentum per deposited atom on
the deposition temperature. High temperature data refer exclusively to growth process
owing the nucleation step. The solid symbols correspond to films with a cubic phase content
larger than 90% in the top layer, while the open symbols indicate films with a c-BN content
lower than 50% in the top layer. Accordingly, the half-full symbols correspond to films with
a c-BN content between 90% and 50%. A line represents roughly the threshold for c-BN
growth [Deyneka].
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3.2 Film Characterisation

3.2.1 Auger Electron Spectroscopy

The Auger electron spectroscopy technique for chemical analysis of surfaces is based on the
Auger radiationless process. When a core level of a surface atom is ionised by an impinging
electron beam, the atom may decay to a lower energy state through an electronic
rearrangement which leaves the atom in a doubly ionised state. The energy difference
between these two states is given to the ejected Auger electron which will have a kinetic
energy characteristic of the parent atom (see Fig. 3.3). For electrons in the energy range 100
to 1000 eV, the distance that may be travelled before undergoing an inelastic collision,
known as the inelastic mean free path, may be typically of the order of 2 - 3 nm. This
distance corresponds to perhaps 10 atom layers in most materials, and it is this that gives the
techniques their surface specificity. When the Auger transitions occur the Auger electrons
may be ejected from the surface without loss of energy, are subsequently energy- analysed
and detected and give rise to peaks in the secondary electron energy distribution function.
The energy and shape of these Auger features can be used to unambiguously identify the
composition of the solid surface.
An Auger electron spectroscopy system consists of an ultrahigh vacuum system, an electron
gun for specimen excitation, and an energy analyser for detection of Auger electron peaks in
the total secondary electron energy distribution. Because the Auger peaks are superimposed
on a rather large continuous background, they are more easily detected by differentiating the
energy distribution function N(E). Thus the conventional Auger spectrum is the function
dN(E) / dE. Electronic differentiation is readily accomplished with a velocity analyser by

 Figure 3.4. Electronic transition events resulting from an impinging electron beam.
Exposing the sample to an electron beam leads to generation of secondary electrons and
ions with holes in all levels of the lighter elements, and higher core levels of the heavier
elements. De-exitation  of the system can occur via the emission of x-ray fluorescence or the
emission of the Auger electron.
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superimposing a small a.c. voltage on the energy selecting voltage and synchronously
detecting the output of the electron multiplier. The peak-to-peak magnitude of an Auger
peak in a differentiated spectrum generally is directly related to the surface concentration of
the element which produces the Auger electrons. The Auger spectrum is generally used as a
fingerprint for identifying elements present in the surface region of the sample under
investigation. The typical AES spectra for as prepared c-BN and h-BN films are showed on
the Fig. 3.5. The identification of elements is straightforward and simply involves
comparing the experimental spectrum with standard spectra from the reference handbook
[Davis 1976]. From the Fig. 3.5 the following elements can be identified: boron, argon,
nitrogen, carbon and oxygen. Ar contaminations can not be eliminated in our films because
Ar is involved for the deposition of the c-BN. Even though AES measurements are
performed in-situ, in the short time of the transportation of the fresh deposited film from the
preparation chamber into analysis chamber (several minutes) leads to absorption of the
small amount of the carbon oxide film at the surface. Therefore one can observe two weak
peaks at the spectrum corresponded to C and O, the intensity of which increases with the
increase of the time between deposition and measurement. When making this comparison it
must be noted that peak shifts of a few eV often occur due to chemical bonding. Therefore,
deviations of a few eV in peak energy from those listed on the standard spectra should be
considered insignificant if the element in question is in a chemical environment different
from that used for the standard spectrum. In general, this procedure results in rapid and
unambiguous interpretation of the spectra. With the major Auger 1ines in the spectrum
identified, there may be left a number of minor peaks whose origins are yet to be
ascertained. Such peaks appearing on the high binding energy side of the principle peaks in
the spectrum are almost certainly due to energy loss processes. Energy loss lines occur when
the escaping Auger electron interacts with other electrons in the solid, losing a finite amount
of energy in the process.
Quantification of data from AES is reviewed in depth by [Powell 1990]. Quantitative
analysis may be accomplished with varying degrees of accuracy by comparing the peak
heights obtained from an unknown specimen with those from pure elemental standards or
from compounds of known composition. Consider the case of a homogeneous binary
compound AB (in our case BN) giving two spectral lines with intensities IA and IB in AES.
Assuming a linear relationship between atomic fractional composition and signal intensity,
one can obtain the atom fraction of element A by comparing relative intensities:
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Where I0
A and I0B are the intensities expected for emission from the pure elements A and B.

Generally the I0 values are normalised in some way and are referred to as sensitivity factors
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This methodology contains a number of approximations and can easily lead to erroneous
results. However, it may be appropriate in cases where routine analysis using the same
experimental conditions is being carried out on large numbers of similar samples, and where
sensitivity factors have been measured under these conditions using samples of known
composition as close as possible to that of the unknown.
The sensitivity of the Auger technique is determined by the transition probability of the
Auger transitions involved, the incident beam current and energy, and by the collection
efficiency of the analyser. With a 3 kV, 50 µA beam and a high sensitivity cylindrical
mirror analyser, the limit of detection for the elements varies between approximately 0.02
and 0.2 atomic percent with spectrum scanning rates of 1 eV per second. All elements above
helium produce Auger peaks in the 0 - 2000 eV range.
In terms of practical surface analysis, AES is preferred in situations where high spatial
resolution is required. Generally, the samples need to be conducting and, preferably, tolerant
to damage from the incident electron beam.
In the application to boron nitride films Auger electron spectroscopy (with a primary beam
energy of 3 kV) were used to check the cleanliness at the surface of the individual layers in
the as-prepared state as well as before a new deposition step. In addition AES was applied to
confirm the stoichiometry within the near-surface region of the sample.  By analysing the
cubic boron nitride films with an appropriate stoichiometry the sensitivities factors for
boron (S = 0.15) and for nitrogen (S = 0.18) were experimentally determined, so that the

intensities ratio of the boron IB and nitrogen IN peaks is  3.1≈
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3.2.2 Reflection Electron Energy Loss Spectroscopy

First, for the preparational step the meaning of ‘high quality c-BN films‘ has to be clarified.
For this purpose all films prepared by the dual beam technique described above, were
analysed in situ by Reflection Electron Energy Loss Spectroscopy (REELS). In electron
energy-loss spectroscopy, an energetic beam of electrons passes through a thin sample and
interacts with it. When an electron encounters a specimen and loses energy, the process is
generally quite complex [Fink 1989]. Collective oscillation of electrons in the sample
(called plasmons) can result. Also, electronic transitions may take place, as allowed by the
local specimen electronic structure. In both cases, the energy loss of the incident electron is
equal to the energy of the quantum-mechanical transition or excitation that is initiated.
Therefore, by analysing the spectrum of energies loss by the electrons, a wealth of
information can be obtained on the chemical composition and electronic structure that can
be related to the crystallographic or band structure of the specimen.

In the case of BN films, the energy losses corresponding to the excitation of a volume
plasmon have been reported to be clearly different for c-BN and h-BN, respectively,
resulting in well distinguishable energy loss lines. The plasmon energy of h-BN is
25.5 ÷ 26 eV and the values for c-BN are in the range between 28 and 32 eV [Paffett 1990;
McKenzie 1990; Widmayer 1998a].
The in situ REELS was performed with a standard Omicron Auger spectrometer system.
The spectra were recorded applying a beam of 1.5 keV primary e1ectrons with a spot
diameter of about 100 µm. To improve the signal to noise ratio, the spectra were recorded
using Lock-in technique.
Fig. 3.6 shows a typica1 differentiated REELS spectrum of a c-BN film. Since in this
differentiated form each maximum of a loss line corresponds to a crossing of the
experimental signal through zero, these zero positions are used to define and to identify
characteristic losses. For example, in Fig.3.6, the zero crossing at 1500eV corresponds to
elastically scattered primary electrons and thereby defines the zero point of the loss
energies. The next characteristic feature exhibits a zero crossing at 1470 eV corresponding
to an energy loss, Epl, of 30 eV, which can be attributed to the excitation of a c-BN volume
plasmon. Similarly, higher order plasmon losses can be identified and determined. The basic
problem in the context of Fig. 3.6 is whether the available energy resolution of typically
∆E/ E = 0.5% (leading at 1.0 keV to a line width of 5 eV) is sufficiently high to allow for a
precise determination of the energy position of a loss line. By comparing and calibrating
with high resolution REELS spectra obtained on Si substrates with a CHA (concentric
hemispherical analyser), it was demonstrated [Widmayer 1998a] that standard CMA
(cylindrical mirror analyser) equipment is sufficient to provide reliable spectroscopic
information allowing us to distinguish c-BN from h-BN in situ on as-prepared films. It
turned out that the energy loss of primary electrons due to the excitation of volume
plasmons provides an excellent quality criterion, which, however, depends on the energy of
the primary electrons. This is related to a thin h-BN-like surface layer at 0.8 nm, which is
inevitably present due to the ion-assisted deposition [Widmayer 1999a;   Friedmann 1994;
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Bouchier 1994; Park 1997; Plass 1996]. The question arises whether or not such a top layer
can be resolved in a REELS experiment. If a plasmon has been excited by a primary
electron at a certain sample depth, this electron has to travel back to the surface without
additional scattering in order to be identified in the energy analyser as contributing to the
plasmon loss line. Thus, the information depth due to plasmon excitation is controlled by
the inelastic mean free path, λe, which itself depends on the energy E0 of the primary
electron [Seah 1979] (the energy loss due to excitation is assumed to be negligible as
compared with E0). If a primary energy is chosen with a corresponding sampling depth
exceeding this disordered surface layer as in the case of 1.5 keV with a sampling depth of
1.3 nm, a plasmon energy of 31 eV or even slightly above has to be observed to guarantee a
high quality c-BN film. This value has to be compared to the plasmon energy of 27 eV for
h-BN samples, which is sufficiently lower to be clearly distinguished from the c-BN value
even with standard laboratory equipment.
At this point, however, a warning remark may be in order. During c-BN deposition ion
bombardment plays a major role and influences the total amount of lattice defects
incorporated into the film. Furthermore, it is common practice to use low energy ion beams
like 3 ÷5 keV Ar+, to sputter clean c-BN surfaces or to remove atoms for depth profiling.
Defects introduced into c-BN films by low energy ion bombardment significantly shift the
energy of the measured plasmon energy to lower values approaching the behaviour of h-BN.

Figure 3.6. Typical differentiated
REELS spectrum of a c-BN film
recorded with primary electrons of
1500 eV and applying Lock-in
technique. The zero crossings of the
signal are used to determine the
energy position of characteristic loss
lines.
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This imposes a specific difficulty on the REELS technique explaining the wide scatter of
values reported in the literature on the plasmon energy of c-BN. The shift of the plasmon
loss line due to the radiation damage, resulting from such a bombardment perpendicular to
the film surface, was observed even if a primary electron energy of 1.5 keV was used
[Widmayer 1998a]. This is simply related to the fact that the thickness of the ion damaged
surface layer, being in the range of 2 ÷ 3 nm, is now exceeding the sampling depth of the
electrons. The problem may be avoided by low energy ion bombardment (280 eV Ar+)
under glancing incidence leading to shallow damage profiles [Ilias 1998] with a range
smaller than the sampling depth.

3.2.3 Fourier Transformed Infrared Spectroscopy

To correlate the in situ determined REELS data providing information about the near
surface quality of a c-BN film, with overall volume film characteristics, ex-situ FTIR
measurements were performed.
The infrared spectroscopy is a standard technique for the characterisation of boron nitride
films. The reason for it is that c-BN as well as h-BN characteristic vibration modes, which
can be used as finger prints for these phases, are localised in the middle infrared region.
Fourier transformed infrared spectroscopy (FTIR) was performed ex situ in transmission
mode between 400 and 4000 cm-1 with the resolution of 4 cm-1 to get an insight into the BN
microstructure, and to detect IR-active film impurities. To measure in middle infrared
region a Bruker spectrometer (IFS 66v) with a SiC Globar water cooled source, KBr
beamsplitter and DTGS (deuterated triglycine sulfate) pyroelectric detector was applied.
The spectrometer operation is based on the principle of high throughput Michelson
interferometer with automatic alignment.
The measured transmission data were converted into absorption values by an internal
program of the spectrometer with respect to the background spectrum. For more details, the
measured IR spectra were decomposed into Lorentz-shaped components. Since all BN films
were deposited on top of Si monocrystalline substrates, which are pure enough to be
transparent for infrared rays in the region 400 and 4000 cm-1, a spectrum taken from Si
reference sample was used as a background spectrum. The absorption of both boron nitride
phases is strong enough to be able to characterise even thin (10 nm) films. Additionally, for
the high temperature deposited BN samples, an IR spectrum from Si reference sample,
annealed for 1 h. in UHV at 1000°C, was used as a background in order to exclude any IR
features due to thermal effects on the Si substrate. All samples were measured before and
after any treatment step.
Figure 3.7 shows the IR spectrum of a representative sample. The spectrum was corrected
with parabolic background which comes from the multiinterference on the layers. The
spectrum can be fitted very well by the five Lorentz peaks [Ullmann 1998] as seen in the
figure. The main feature is described by a peak centered at 1098 cm-1 with a full width at
half maximum (FWHM) of 130 cm-1. This is the characteristic transverse optical (TO)
phonon of c-BN [Gielisse 1967], which will now be referred to as the c-BN peak. The
association of the main peak seen in Fig. 4 with materials like B4C or SiOx or B4N which all
have an IR-absorption peak near 1100 cm-1 can be eliminated due to the fact that no real
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Figure 3.7. Deconvolution of the measured IR spectrum of a 50 nm thick representative
boron nitride film with high cubic phase content using 5 separate Lorentzian shaped curves:
The h-BN1 as well as h-BN2 peaks are associated with the B–N–B bending vibration as well
as the B–N stretching vibration of h-BN, respectively. The h-BN3 peak can be correlated
with a two-phonon excitation. The characteristic TO phonon of the cubic BN structure is
called c-BN peak. The y-BN peak necessary for good spectrum fits is not yet understood.

carbon and oxygen impurities could be detected in the sample by AES and the c-BN films
exhibit an appropriate stoichiometry.
The two weak peaks, one below and one above the c-BN peak are associated with the
B-N-B bending vibration (at 782 cm-1) perpendicular to the h-BN planes (h-BN1 peak) as
well as the B–N stretching vibration (at 1395 cm-1) in the planes of the BN hexagons
(h-BN2 peak), respectively [Geick 1966]. The very weak shoulder in the spectrum at about
1524 cm-1 can be attributed to a two-phonon peak [Gielisse 1967] (h-BN3 peak). For an
agreement between the measured and fitted spectrum, an additional peak at around
1270 cm-1 is necessary (y-BN peak) [Reinke 1996].
For practical reasons, it is possible to estimate the c-BN content in a BN film (Qc) from the
relative heights of the peaks in the IR spectrum at about 1098 cm-1 (Ic-BN) and at 1395 cm-1

(Ih-BN) as well as from the corresponding absorption coefficients Ac-BN and Ah-BN by
[Yokoyama 1991]
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The ratio of the absorption coefficients in Eq. (3.4) is reported to be around 1 in the
literature [Yokoyama 1991, Ichiki 1994, Jäger 1994]. Consequently, it is acceptable to
simplify Eq. (3.4) by setting Ac-BN /Ah-BN = 1, thus obtaining
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For the BN film whose IR spectrum is shown in Fig. 3.7, a cubic phase content of about
74% can be estimated by use of Eq. (3.5). This is a typical value for high quality c-BN films
of this relative small thickness, since, as mentioned in the introduction, an intermediate h-
BN layer between the substrate and the c-BN film appears to be intrinsic to the ion assisted
growth of c-BN on Si. As a consequence, the relative amount of c-BN as determined by
FTIR in transmission will increase as a function of the total film thickness.
The unpolarised light used for the IR measurements was applied normal to the substrate
surface. Therefore, the vector of the electric field of the IR light is oriented parallel to the
substrate surface. In the IR experiments carried out here, we can detect h-BN vibration
modes only where the vibration axis is aligned parallel. Consequently, following this idea it
should be possible to learn more about the orientation of the h-BN basal planes also from
the IR data. If no B–N–B peak around 780 cm-1 can be detected, the basal h-BN planes
should be oriented parallel to the substrate surface (B-N-B vibration axis perpendicular to
the vector of the electric field). If the orientation of the basal planes normal to the substrate
surface is changed, a B–N–B vibration contributes to the IR absorption spectrum. This
means that the intensity ratio of the h-BN2 to the h-BN1 peak (RI) depends on the
orientation of the h-BN layers with respect to the substrate surface [Kuhr 1995]. The lowest
values of RI (about 3.5) are found for the pure, stoichiometric, and highly cubic BN films.
Kuhr et al. [Kuhr 1995] concluded from such facts (minimum value of RI, boron and
nitrogen stoichiometric, high cubic phase content) that the basal planes of the initial h-BN
layer are oriented normal to the film surface. This supports the idea of a preferentially
oriented initial h-BN layer with the c axis parallel to the substrate surface. This fact will be
supported further by HRTEM results presented in the Section 3.2.7.
The intrinsic vibrational and structural properties of boron nitride films (internal stress as
well as stoichiometry, density, porosity) can be studied by observation of the TO peak
position.
In addition the results obtained by the classical electromagnetic theory suggest the existence
of the thickness-dependent vibration frequency (ωTO) shifts in any film-substrate optical
system [Ossikovski 1995]. Model calculations show that with increasing layer thickness the
IR peak position should move to larger wavenumbers by 6 cm-1 per 100 nm increasing
thickness [Ben el Mekki 1999]. This disagrees with the experimental observation for small
film thicknesses [Fahy 1997; Ilias 1998; Klett 2000]. There the IR peak position shifts to
smaller value with increasing of the film thickness (Fig. 3.8). This is considered to be a
depolarisation effects in isolated BN grains prior to coalescence [Fahy 1997]. For lager
thicknesses, thickness induced increasing of ωTO must be taken into account. In principle, it
is possible to eliminate the thickness dependence of the TO mode by fitting the frequency
shift to an exponential-type expression.
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Figure 3.8. Frequency of the cubic BN zone center TO mode as a function of c-BN grown
thickness. Coalescence induced shift of the IR peak position toward smaller value with
increasing of the film thickness is observed.

The position of the IR peaks is strongly affected by intrinsic stresses in the film. In zinc-

blende-type semiconductors the Born transverse effective charge 2*
Te  is related to the

splitting of the long-wavelength LO and TO phonon modes ωTO and ωLO:
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In Eq. (3.6) µ is the reduced mass of the two-component atoms (µ-1=mA
-1+mB

-1), a0 the cubic
lattice constant, ε∞ the infrared dielectric constant. Of particular interest has also been the
volume dependence of the transverse effective charge which can be related to the
dependence of the ionicity of the chemical bond on bond length. It has been found that
eT

*and thus the ionicity decrease with decreasing bond length [Sanjurjo 1983]. So that,
the position of the TO vibration mode ωTO is influenced by the relative lattice compression -
∆a/a0 which is caused by isotropic pressure p (in GPa):

( ) ( )pTO 08.039.36.07.1054 ±+±=ω , (3.7)
where 1054.7cm-1 is the position of TO phonon mode of stress free c-BN. The constant
3.36 (in Å/mN) is specific for c-BN.

In the case of biaxial stress σ (as valid for thin films) the hydrostatic part σ
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Theoretically calculated proportionality constant 2.29 (in Å/mN) differs from
experimentally deduced one. Applying alternative method of direct stress measurement (see
next Section) it has been figured out that intrinsic stress in the c-BN film can be calculated
from the shift of c-BN peak as following:

( )
09.5

7.1054−
= TOω

σ  [GPa]. (3.9)

A stress free c-BN film should produce a TO vibration mode in the IR spectrum at about
1055 cm-1. When the film is under compressive stress the peak position shifts to higher
wavenumber.
Our as deposited at 420°C c-BN films represent in the IR spectrum the position of a TO
vibration mode at about 1095 ÷ 1100 cm-1 that corresponds (following Eq. 3.9) to the stress
value of ∼ 8.5 GPa. By increasing the substrate temperature during deposition, the
corresponding IR band shifts to lower wavenumbers of, e.g. to 1086 cm-1 at 800°C and
1083 cm-1 at 1000°C corresponding to stress values of 6.1 GPa and 5.5 GPa, respectively.
The dependence of the position of the c-BN TO band on Ts is given in Fig. 3.9 on the left
scale, the corresponding compressive stresses on the right scale. It is clearly seen the
tendency of the significant stress reduction by going to the higher substrate temperatures
during deposition described in Sec. 3.1.2. This gives us the possibility to increase the life
time of the c-BN films (see Sec. 2.3.1) making possible future investigations on the films
structure and films properties.
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Figure 3.9. Transverse optical (TO) phonon of c-BN peak position (left scale) as well as
corresponding stress value (right scale) as a function of the deposition temperature. All
films deposited at temperatures higher than 800°C includes a c-BN seed layer deposited at
420°C. As the deposition temperature increases, the IR peak shifts toward smaller
wavenumbers, which is correlated with the reduction of compressive stress in the films.
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Additional effects, such as the atomic B/N ratio or nanocrystalline structure of the film,
influence the ωTO position. Ullmann et al. [Ullmann 1999] state that by variation of the ratio
of B/N from 0.96 to 1.13 the absolute position of ωTO will be changed from 1035 to
1080 cm-1. On the other side, due to depolarisation effect a lower crystallite size leads also
to a shift of the TO-peak position to higher wavenumbers.
Furthermore, FWHM of the c-BN peak is affected by the film crystal quality
[Litvinov 1998]. Fig. 3.10 shows the full width at half-maximum (FWHM) dependence of

Figure 3.10. Dependence of the full width at half maximum (FWHM) of the c-BN peak on
the deposition temperature. Decreasing of the FWHM is related to the improved film
crystallinity. All films deposited at temperatures higher than 800°C includes c-BN seed
layer deposited at 420°C [Deyneka].

the c-BN TO band on Ts. The IR peak width is commonly related to the grain size and the
presence of defects in the films leading to damping of photons. As can be seen from Fig.
3.10, the FWHM significantly decreases from ~140 cm-1 at 420°C to 110 cm-1 at 800°C and
95 cm-1 at 1000°C, respectively. The observed evolution of the FWHM reveals increased
life times of the TO mode, and therefore an improved crystallinity of the c-BN films with
increasing Ts. Referring to the Fig. 3.9 and Fig. 3.10 one can conclude that high Ts values
result not only in a clearly reduced compressive stress but also in significantly improved
overall crystallinity of the c-BN films [Deyneka].
As it was shown above, several effects are playing a role in change of the transverse-optical
mode phonon frequency. That is why infrared spectroscopy gives us the possibility only for
a rough estimation of the stress in c-BN films. The direct stress measurements can be
performed with the help of Newton interferometry technique.
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3.2.4 Newton Interferometry

To obtain a quantitative value for the compressive stress, additional mechanical
measurements have to be carried out. If a film deposited on a relatively thin substrate is
under  stress, the substrate will be bent due to the forces exerted by the film onto the
substrate until equilibrium of forces in substrate and film is reached. A tensile stress will
bend it so that the film surface is concave and a compressive stress so that is convex. To
measure the substrate curvature the Newton ring method is applied. In this method the stress
of a film is measured by observing the deflection of the specimen edges when the film is
deposited on one side. The interference fringes (Newton rings) between the specimen and an
optical flat are used to measure the deflection of the specimen.
The substrate deformation optical measurements are performed with the "Möller"
interferometer schematically showed in Fig. 3.11 (a).  The bent sample lies with the c-BN
surface down on the plan glass plate (roughness λ / 10, λ = 535 nm). The film surface is
irradiated with monochromatic parallel light through the halftransparent mirror. One part of
beam is reflected on the plan glass/air interface and undergo a phase jump in π. The rest of
light is reflected on the film surface. Both interfered beam parts pass again through the
halftransparent mirror in the direction of the ocular and interference takes place. Here the
interference picture is recorded with a standard CCD-camera.
Between two adjacent dark fringes (Fig.3.11 (b)), the change in elevation is constant

2λ=h . (3.10)
After a simple trigonometric calculation, one can obtain
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where R is the curvature radius of the substrate, n and Dn are the number and the fringe
diameter respectively. The curvature radii can be calculated from the least-squares fit of Dn

2

as a function of n. Then, the stress in the films is given by the Stoney-equation [Stoney
1976]
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where ES is Young's modulus of the substrate, νS is Poisson's ratio for the substrate. t f and tS

are the thickness of the deposited film and of the substrate, respectively. R and R0 are the
measured radii of curvature of the sample before and after deposition.
ES/(1-ν) is called the biaxial module of the substrate and for silicon in the (100)-plane its
value is equal 180.5 GPa [Brantley 1973].
This method is ideal for measuring stress anisotropy, but the sensitivity is limited by the
substrate thickness that can be used. The thickness reduction is limited both by the problem
of electrostatic attraction between the substrate and the optical flat and by the inapplicability
of the usual relationships between the stress and beam deflection for very thin substrates. In
this method the substrate should be usually more than 3 times longer than broad. The
method assumes uniform thickness and homogeneous mechanical properties of the film.
Since substrate deflection is inversely proportional to substrate thickness squared, the ability
to measure stress of the thin film (< 100 nm) on much thicker (500 µm) substrates is limited.
Moreover, by using the light with wavelength of 535 nm, bending radii bigger than
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Rmax ≈ 50 m can not be measured. So, the value of the lower limit for the measured film
stress would be ≈ 1.5 GPa. Thus, to reduce the errors associated with film thickness
nonuniformities and to improve the sensitivity, it is necessary to measure smaller film areas
and to use substantially thinner substrates. In this work 375 µm thick Si(100)-substrates
were used which have lateral sizes 2 x 10 mm. In addition, the extended analysis technique
[Schwetberger 1998] allows to improve insensitivity to the microparticles on the plan glass
plate on the film surface. Furthermore, a slight variation of the standard analysis scheme
together with the use of a CCD camera allowing a PC assisted data treatment, resulted in a
upper limit of the radius of substrate curvature of 200 m [Widmayer 1999] corresponding to
a minimum stress value of 0.2 GPa at a film thickness of 100 nm.
Usually, for 50 nm thick c-BN films deposited at the standard conditions (at temperature
420°C) a value of R = 10 ÷ 15 m is obtained, from which, applying the Stoney formula, a
compressive stress of 5 ÷ 7 GPa is calculated. It is worth noting, however, that also h-BN
films exhibit rather high compressive stresses of the order of 10 GPa as determined by
Newton interferometry.

semitransparent
mirror

CCD-Camera

c-BN on Si substrate

λ/10 glass

Lightsource
 = 535 nmλ

3.2.5 Rutherford Backscattering Spectroscopy

Another useful technique, which permits to check for possible impurities built into the
boron nitride films during deposition, is Rutherford Backscattering Spectroscopy (RBS).
RBS is a powerful tool to analyse the concentration as well as the depth distribution of
elements in thin solid films. This technique is based on measuring the number and energy of
ions in a beam which are backscattered after colliding with atoms (elastic collision) in the
near-surface region of a sample and which are backscattered from deeper in the solid
undergo additional energy losses due to electrons (inelastic interaction) [Chu 1978;

(b)

2 mm

(a)

Figure 3.11. (a) Principal construction of
Newton interferometer [Widmayer 1999].
(b) Typical interference pattern (Newton
fringes) caused by the bending of a Si-substrate
due to compressively stressed c-BN film.

Lightsource
λ=535 nm

λ/10 glass
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Mayer 1977]. The physics of the energy loss phenomena is very complex, involving many
kinds of interactions between the projectile ion, target nuclei, and target electrons.

3.2.5.1 Interaction Mechanisms
Elastic Collisions with Target Atoms. Particles such as ions or molecules striking a surface
will interact primarily by elastic collisions with target atoms. By conservation of energy and
momentum, it is easily shown that the fraction of initial energy retained by the incident
particle after the collision is
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where M1 is the mass of the incident particle, M2 is the mass of the target particle, and θ is
the scattering angle. This ratio is referred to as the kinematic factor and is often denoted by

 K ≡ E1/E0.

For particular scattering angles, the relation (3.13) becomes quite simple. For example, in
the case of backscattering when θ = π
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For fixed θ the energy separation, ∆E1, for beam particles scattered by target particles of
mass difference ∆M2 is
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If ∆E1 is set equal to δE, the minimum energy separation that can be experimentally
resolved, then δM2, the mass resolution of the system is
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The ability to distinguish between adjacent values of M2, however, depends also on the
overall energy resolution δE of the experiment.

Electron screening of target nuclei complicates heavy particle scattering. Nevertheless, if the
energy of the incident particle is high enough to penetrate well within the electron cloud, the
simple scattering model will be approximately correct. In any case, screening will produce
the some deviation from the simple model, and in general a correction factor must be
included. Ignoring electron screening, the Rutherford (elastic) scattering cross section is
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where Z1 is the atomic number of the incident atom, Z2 is the atomic number of the target
species.
The average differential cross section, σ(θ, E), for scattering of beam particles of incident
energy E0 by target particles in a thin film is defined by
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where Nt is the number of target atoms/unit area perpendicular to the beam, and dQ(E)/Q is
a fraction of incident particles scattered into the small solid angle Ω(θ) centered at
deflection angle θ.
Collisions with Electrons in the Solid. An incident heavy particle will also collide with
electrons in the solid. However, as a result of momentum conservation, a heavy particle can
transfer only a small fraction of its momentum to an electron. Thus as a high-energy particle
traverses a target, it will slowly lose energy through numerous electron collisions in an
almost continuous fashion. These collisions may also be modelled with the impulse
approximation. The derivation of the rate of energy loss is completely analogous with that
for electron - electron scattering. Thus the rate of energy loss as the particle traverses the
target is
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where M1 is the mass of the incident particle, Z1 is its atomic number, I is the average
excitation energy of electrons in the solid, and n is the density of electrons in the solid. I is
complicated, but, for heavier elements, it is approximately equal to 10Z2. This is usually
converted to a "stopping power" per atom. The stopping power ε  per atom is defined as

N

dxdE
=ε , (3.20)

where N is the density of the target atoms. The stopping power can then be used to
determine dE/dx for compounds. According to Bragg's rule, for a compound AnBm, the
stopping power is

εAnBm = nεA + mεB, (3.21)

where n and m are the relative atomic abundances of the respective constituents. Thus
multiplying by the molecular density, the rate of energy loss in a compound target may be
determined.
Although electronic stopping is the most important contribution to the energy loss for a
large range of energies, other factors such as scattering from the atomic cores are also
important. The convoluted path resulting from numerous scattering events further
complicates this picture. To compute the total depth beneath the surface attained by an
incident particle, all of these factors must be considered.

3.2.5.2 Depth Dependence of Backscattering
Since a heavy particle will lose energy to electrons as it penetrates a target, the electron
scattering produces a depth dependence in the energy of atomic scattering. For example,
consider a light ion with energy E0 scattering from an atom at a depth d within the target as
it is shown in Fig. 3.12. To find the total energy loss due to electron scattering, dE/dx should
be integrated over the penetration depth. However, for modest depths, the fractional energy
loss will be small, and the total energy loss is approximately

d
dx

dE
E ≅∆ , (3.22)
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Figure 3.12 Schematic diagram of backscattering events. Energies of backscattered
particles depend on the identity of the atom from which the alpha particle scatters, the angle
of scatter, and the depth into the sample to which the particle travels before scattering.

where dE/dx is evaluated at the incident energy E0. The particle with this reduced energy
now backscatters from a target atom, and the energy is reduced by the kinematic factor
above. The particle then traverses the target again before escaping. Since the particle may
have been scattered at an angle to the surface normal, the distance travelled on the way out
is d/cosθ. The energy loss is approximated as above with dE/dx now evaluated at the
appropriate backscattered energy. Thus the total energy lost to the electrons both in entering
and in exiting the sample is
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where K is the kinematic factor and "in" and "out" indicate at which energy dE/dx should be
evaluated. Note that the total energy loss due to electron scattering is directly proportional to
the penetration depth. [S] is called the energy loss factor and is defined in general case by
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System resolution. The minimum detectable depth difference (depth resolution), δx, is
related to the minimum detectable scattered particle energy difference (overall energy
resolution), δE, by

[ ]S

E
x

δ
δ = . (3.25)

The overall energy resolution δE depends on the detector energy resolution, the energy
spread of the incoming ion beam and energy straggling of ions within the target [O'Connor
1989]. Straggling is the slowing down accompanied by a spreading of the beam energy
when a beam of charged particles penetrates matter. This phenomenon occurs due to
statistical fluctuations in the number of collision processes. Other experimental parameters
such as the size of the beam spot and the solid angle of the detector also influence the
energy resolution.
When an experiment requires depth profiling of a sample, one must consider both the
accessible depth and the depth resolution when choosing an experimental technique. Both
are influenced by the same factors. Clearly, if an ion loses energy rapidly, the surface
thickness producing energy-resolved particles will be smaller. The depth resolution can be
improved either by changing overall energy resolution or by increasing [S] since energy loss
factor depends on the incoming ion and its energy, the target composition, and the
orientation of the target.
The most obvious factor affecting the sensitivity of a given backscattering measurement is
the scattering cross section which clearly varies with the mass, charge, and energy of the
incoming ion (Eq. 3.17). However, the ultimate sensitivity is also influenced by the level of
counts from other sources (for example, pulse pile-up or heavy-atom, thick-target scattering)
underlying the region of interest. In addition acceptable beam currents may be limited by
detector considerations.
A greater mass separation can be achieved with high ion energy and high value for dK/dM
i.e. when the projectile has a higher mass (Eq. 3.16). On the other hand when the source
ions with the higher mass are used the depth resolution is lower because of stronger
collisions inside the solid. Moreover, only elements above their own mass can be detected.
He++ is the most generally used ion especially if deeper penetration into the sample in
combination with a necessary energy resolution is desired. For the better energy resolution,
in addition, the scattering angle at which the detector is mounted must be possibly near to
180o as it was shown above (Eq. 3.14). In reality, the maximal achieved backscattering
angle is 170o. Besides, for the backscattering in 180o-direction the differential scatter cross
section will be minimal. This makes influence on the amount of the detected ions.
Because of detector construction, the fluctuation or variance in the number of charge
carriers affects the spectroscopic resolution. Particle arrival times at the detector are
randomly distributed in time, leading to the possibility of interference between
measurements when particles arrive at nearly the same time. This phenomenon, called pulse
pile-up, becomes a serious problem at high particle arrival rates. There are two types of pile-
up. The first one is tail pile-up and involves the superposition of pulses on the long duration
tail of the spectra at higher energies or undershoot from a preceding pulse, leading to
reduced spectral resolution. The second type is peak pile-up when two pulses are
sufficiently close together to be treated as a single pulse. Peak pile-up ultimately limits the
rate at which RBS data collection can occur. In practice, pile-up can be minimised by
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minimising the detector dead time, the minimum time between successive ion arrivals if
they are to be measured separately.
In addition, reduced spectral resolution can be caused also by a rough surface of the film
because of different energy loss of ions which travel from the same layer through the
sample.

3.2.5.3 Measuring Beam Particles

When a beam of energetic ions strikes a solid surface, according to kinematic calculations,
the change in energy of the backscattered ions is characteristic of the nature of the solid. The
intensity of the scattered beam, determined by a suitable detector, is related to the number of
atoms doing the scattering and to the depth of penetration, which can be varied by altering
the velocity of the exciting ions. If the number and energy of scattered - beam particles are
measured, the composition of the target can be determined. Energy analysis of the
backscattered ions by the detection system yields the backscattering spectrum displayed in
the form counts per channel vs. channel number (Fig 3.15). The channel number is normally
linearly related to the backscattered ion energy E1. Appearing in the spectrum is “peak” for
each element present in the film. The peak widths are caused by the energy loss of the
analysis ions in the film material. Since the energy has a simple dependence on depth due to
electron scattering, RBS allows for precisely profiling the elemental distribution with the
film depth. Even though RBS is not sensitive to the chemical environment of the atom as
compared to, e.g., Auger-Electron-Spectroscopy. It is also a good technique for determining
the thickness of thin films deposited on surfaces when the material density is known.
In general, Rutherford backscattering is ideally applicable to the analysis of heavy
impurities elements with a large difference of atomic number z, which exist in a thin layer
either on or within a few hundred nanometers of the surface, when the impurities are of
greater atomic mass than the substrate.
Examples will be presented demonstrating the capability of the method to study diffusion
processes in thin solid films.

3.2.5.4 Experimental Details

Rutherford Backscattering Spectroscopy (RBS) has been performed using 350 kV “High
Voltage” linear accelerator. An ion accelerator consists of the following principal parts: an
ion source, mass separator, different lenses, beam line as well as switching magnet. Figure
3.13 shows schematically an assembly of the ion accelerator. For ionisation a Penning
source (model SO-60-1, "High Voltage") is used. Ions are extracted from the ion source by
the high voltage of 30 kV. The beam is focused with the extraction lens and then comes into
the mass separator. There the required ions are separated in the magnet field according to
the mass / charge ratio. Afterwards, the ions reach a beam line where they pass through the
high voltage up to 320 kV, so that the total voltage is to 350 kV including the extraction
voltage of 30 kV. With the help of the following quadrupol lens the beam is focused and
reaches the switching magnet, where it is directed into one of three beam tubes. The tube
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Figure 3.13. Ion accelerator assembly.

slanted in 15° from the beam line carries accelerated ions into the UHV-chamber where
RBS measurements were performed.
Figure 3.14 represents schematically a side view of the beam tube with the UHV-chamber.
The samples are carried into the chamber through a floodgate. This is a differential pump
stage in order to have the samples in a short time in UHV, where they can be moved
vertically. The residual gas pressure in the UHV-chamber should be better then 10-7 mbar.
In the accelerator the pressure is usually about 10-6 mbar. That is why UHV-chamber flanks
on the beam tube through the differential pump stage.
At the beginning of the beam tube there is a diagnosis chamber with the build-in movable
two apertures (with an opening  diameters 5 and 10 mm), scintillation disc to observe the
beam as well as the first Faraday cup to measure the beam current. In order to arrange the
ion beam the beam is first directed on this Faraday cup and optimised. Two shields help to
control the focus and improve it. With the following quadrupol lens the beam is focused to
the minimal diameter of 1 mm. Besides, at the end of the beam tube a second Faraday cup
can be moved inside with the help of a motor in order to adjust finely the beam. Then the
ion beam enters the UHV-chamber through the shield with an opening diameter of 1 mm
and meets the vertical sample surface. A surface barrier silicon detector placed below the
shield at an angle of11.5o with a beam (Cornell geometry), subtended solid angle Ω = 5 msr
at the target. Hence the backscattering angle θ = 168.5°.
Detector pulses due to the backscattered analysis ions are preamplified, shaped and again
amplified, and sorted by a puls-height-analyser. The result, in the form of counts /channel
vs. channel number is sent to a PC for disk storage, integration of peaks, plotting, data
analysis, etc.
It is not absolutely essential to measure the fluence. The necessary spectral resolution
usually defines the amount of detected backscattered ions. For the appropriate analysis the
beam current on the second Faraday cup should exceed the value of 50 nA. The ion beam
contains also H2

+ ions because they have the same mass/charge ratio as 4He++ and they can

Security barrier
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Figure 3.14. A side view of the beam tube with the UHV-chamber

not be separated in the mass separator. The H2
+ ions have an energy of 350 kV.

Backscattering from the target breaks them up into two protons and a peak appears at the
energy range of 175 kV  in the measured spectrum.
This peak is especially strong for elements with high atomic mass. However, the mass
difference of the two ions is noticeable in the switching magnet. There one can slightly
diversify the beam. After passing through the 1 mm shield the beam becomes much weaker
when it reaches the sample. This procedure is necessary to obtain a low detector dead time.
It helps also to prevent the hydrogen content in the beam. In addition, since it is possible to
analyse several samples one after each other without braking the vacuum, the gold-reference
(50 nm thick Au-film on the glass substrate) is used in order to optimise the beam so that
exclusively He++ ions reach the sample surface. The RBS-spectrum taken from this Au-
reference film is used to extract the parameter for converting the measured channel values
into energy.

3.2.5.5 Data Analysis

As an example, a RBS spectrum obtained analysing the energy of 700 keV He++

backscattered ions from a 55 nm thick c-BN film on Si is shown in Fig. 3.15 with an
enlarged view (x30) emphasizing the contribution from the incorporated contaminations
given as inset.
The method is preferentially sensitive to detect heavy atoms rather than B or N. Thus, the c-
BN film cannot be 'seen' directly, since additionally the few scattering events from B or N
are hidden below the significant backscattering from the thick Si substrate. Consequently,
the presence of the c-BN film can only be deduced from the shift of the Si scattering events
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Figure 3.15. Typical RBS spectrum of a 55 nm thin c-BN film. Element concentration within
the film, as well as the film thickness, can be determined. Dotted vertical lines indicate the
calculated energy expected if the corresponding atoms were at the sample surface.

towards lower energies as compared to the calculated energy expected if Si atoms were at
the sample surface. This shift due to the energy loss of the He projectiles when traversing
the c-BN film on their way towards the substrate as well as on their way out towards the
detector, can be used to extract the c-BN film thickness, which here gave a value of 55 nm
in good agreement with what was expected from the deposition rate.
More important than the film thickness is the information on the type and concentration of
heavier impurities. According to Fig. 3.15, the incorporation of Ar can clearly be seen due
to the argon and nitrogen ion bombardment during film growth. Interestingly, the Ar depth
profile appears to be inhomogeneous with a tendency of the Ar to get preferentially trapped
closer to the substrate. This point will be discussed in detail in Sec. 3.4.5. Additionally,
though less important, the inset of Fig. 3.15 shows the presence of small amounts of Fe, Mo
and W contaminants resulting from sputtering a steel aperture confining the primary beam,
Mo-mask at the sample holder and from the evaporation of the hot W-filament of the
corresponding ion source, respectively.
The measured data can be analysed quantitatively by comparing RBS data with numerical
simulations (computer code RUMP [Doolittle 1985; Doolittle 1990]). The software packet
RUMP includes empirical stopping power tables [Ziegler 1982], scattering cross section
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Figure 3.16. Typical RBS spectrum of a 52 nm thin h-BN film. Elements concentration
within the film, as well as the film thickness, can be determined. Dotted vertical lines
indicate the calculated energy expected if the corresponding atoms were at the sample
surface.

data as well as non-Rutherford scattering cross section data for several light target elements
in case of 4He ions [Leavitt 1989; Leavitt 1990]. The computer simulation involves the
calculation of the energy spectrum of backscattered particles using a specified target
composition and experimental parameters. The procedure is to alter the target composition
until the calculated and measured energy spectra are closely matched. This can be done by
manually changing the target composition for each iteration or by using a least-squares
fitting procedure to find the target composition that best fits the measured spectrum.
Applying the computer code RUMP, an average Ar concentration of CAr = 1 at.% can be
found. While the concentration of Fe impurities is at the (element specific) resolution limit
of approximately CFe = 0.026 at.%, the presence of W impurities with a concentration of
CW = 0.013 at.% and Mo impurities with a concentration of CMo = 0.024 at.% is above this
limit. No other impurities could be detected.
A representative RBS spectrum of a 52 nm h-BN thick film, taken with 700 keV He ions, is
shown in Fig. 3.16. In the inset to this figure, again a magnified view (x30) of the
contamination profiles is given. As compared to the c-BN film a higher average argon
concentration of CAr = 2.2 at.% was observed in contrast to the levels of Fe and W
contaminants (CFe = 0.03at.%, CW = 0.018at.%) that are comparable to those in c-BN films.
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3.2.6 Atomic Force Microscopy

As a next characterisation tool delivering information on the surface morphology and the
microstructure of BN films, Atomic Force Microscopy (AFM) was used. In atomic force
microscopy a sharpened tip (with the nominal radius of curvature ∼ 5 ÷ 20 nm), attached to
a cantilever, is scanned across a surface. As the stylus is scanned across the sample, the
electrostatic forces between the stylus tip and the surface atoms cause a deflection of the
cantilever. These deflections can be monitored by use of a laser beam and split photodiode
detector. A map of the deflections results in a map of the surface topography or morphology
at the atomic level.
Dimension 3100 (Digital Instruments Inc.) raster force microscope with Nanoscope IIIa
controller was applied to characterise the surface structure of the boron nitride films. The
microscope is acoustically isolated and installed on the Halcyonics vibration isolated table
(MOD 1). It operates under ambient conditions. Measurements were performed  in a tapping
mode by using Al coated single beam monocrystalline silicon tip/cantilever with a spring
constant 20 ÷ 100 N/m. In tapping mode the cantilever is oscillating at or near its resonance
frequency with amplitude ranging typically from 20 nm to 100 nm. Usually, the target
amplitude was set to 2 V corresponding to the value of 80 nm. The frequency of oscillation
can be at or on either side of the resonance frequency, which lies between 200 and 300 kHz.
The tip lightly "taps" on the sample surface during scanning, contacting the surface through
the adsorbed fluid layer at the bottom of its swing without getting stuck. Contact time
≈ 10-6 s. The advantage of the tapping mode AFM as compared to other modes is its high
lateral resolution, up to several Angstrom. The minimal cantilever deflection which can be
detected by the microscope is < 0.1 nm, this value is limited by thermal noise. Reliable
measurements can be carried out in a region below 100 µm lateral and 6.38 µm vertical.

      50 nm c-BN; RMS = 1.3 nm       200 nm h-BN; RMS = 0.1 nm

Figure 3.17. Surface topography of (a) 50 nm thick c-BN  and (b) 200 nm thick h-BN  films
as measured by AFM.
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An example of AFM images of boron nitride films is presented in Fig. 3.17 giving the
impression about a surface topography. As deposited at standard conditions a 50 nm thick
c-BN film exhibits the RMS (Root Mean Square) roughness of typically 1.3 nm (Fig. 3.17
a) in contrast to very smooth h-BN film surface: RMS = 0.1 nm (Fig. 3.17 b).
Whereas a relative smooth, homogeneous surface is observed by this for a 50 nm thin c-BN
film, the deposition of additional 150 nm thick c-BN layer is found to increase the surface
roughness up to RMS-value of 8 nm (Fig. 3.18 a). The height differences within the films
are also rather large. Similar small rounded features at the surface which become more and
more prominent with deposition time as shown by AFM were observed by Freudenstein et
al. [Freudenstein 2001]. This can be significantly suppressed by applying high temperature
deposition technique. Fig. 3.18 b represents the surface morphology of the 150 nm c-BN top
layer deposited at 1000°C with a typical RMS-value of 1 nm.

    200 nm c-BN; RMS=17 nm         200 nm c-BN; RMS=1 nm

    200 nm c-BN; RMS = 8 nm 200 nm c-BN; RMS = 1 nm

Figure 3.18. Surface topography as measured by AFM of the 150 nm thick c-BN layers
deposited on the top of 50 nm base c-BN layer at 420°C (a) and 1000°C (b).

µm

(a)

50 nm

0 nm
0  10µm

(b)

14 nm

0 nm

0      2µm



Chapter 3 RESULTS AND DISCUSSION                                                                        47
__________________________________________________________________________

3.2.7 High Resolution Transmission Electron Microscopy

In order to study the morphology and microstructure of boron nitride films in the depth as
well as the relative orientations of microstructural features high resolution transmission
electron microscopy (HRTEM) was performed [Boyen 2002]. In TEM a collimated beam of
high-energy electrons (200 keV) in a vacuum chamber is allowed to pass through a thin
specimen. The transmitted beam can be used to project an image of the specimen on a
viewing screen or photographic plate [Eddington 1976]. In this way information about the
crystal and compositional structure of material can also be obtained. Diffracted electrons
can be imaged to create an electron diffraction pattern of the material. Such a pattern is
characteristic of the crystal structure at the microscopic level. Information about the
orientation of microstructural features can also be obtained from electron diffraction
patterns.
HRTEM images on c-BN and h-BN films were provided by F. Banhart at the department
“Zentrale Einrichtung Elektronenmikroskopie”, University of Ulm. A Philips CM-20 with a
point resolution of 0.24 nm was used. Although the spacing of the (111) lattice planes of
c-BN (0.209 nm) is slightly beyond the point resolution, the information limit of the
instrument (<0.17 nm) allows us to obtain a lattice image of c-BN, but with restrictions in
image interpretation. Cross-sectional specimens of the layered systems were prepared by a
standard technique using mechanical grinding and Ar ion milling. Only slight amorphisation
of a thin surface layer of the c-BN system was induced by the ion milling. Due to its small
thickness (≤1 nm) this layer will be neglected within the context of this work. First, a c-BN
layer of total nominal thickness reduced to 20 nm, in order to allow a better overview, on
top of the (001)Si substrate was used for HRTEM study. The in situ EELS measurements
using 1.5 keV electrons resulting in a restricted sampling depth of typically 2 nm, revealed a
plasmon energy of 31 eV, clearly indicating a high quality c-BN phase at least within the
above depth. From the ex situ FTIR analysis a volume content of 50 % c-BN could be
deduced which corresponds to an h-BN contribution with an effective thickness of 10 nm, a
value typical of high quality c-BN films [Boyen 2002].
The still relatively large concentration of h-BN is a result of the well known growth
sequence of c-BN on Si substrates [McKenzie 1990, Takamura 1999] with an amorphous
intermixed layer at the substrate interface followed by an h-BN layer which, under the
influence of local stresses, changes its orientation towards having their basal planes
perpendicular to the substrate surface. This h-BN interlayer seems to be necessary for
nucleating the eventually growing c-BN top layer. The details of this sequence, like the
thickness of these various intermediate layers, depend on the specific preparation technique
applied [Kulisch 1999].This growth scenario is corroborated by the HRTEM picture shown
in Fig. 3.19 a [Boyen 2002], which has been taken from a c-BN film. In Fig. 3.19 a the
above mentioned different layers are explicitly marked and labelled on the margin (the
black-white contrast at the Si/a-BN interface is due to underfocus of the objective lens,
leading to Fresnel fringes and, thus, is of no relevance here) confirming a thickness of
approximately 10 nm of the h-BN nucleation layer. Analysing the HRTEM image
(Fig. 3.19 a) the film is found to be nanocrystalline with the crystal size of 5 nm.
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Figure 3.19. (a) HRTEM image of a 20-nm c-BN film prepared on a Si(001) substrate by
means of ion beam assisted deposition. (b,c) Zoom on atomic planes demonstrating the
orientation of c-BN grains relative to the underlying h-BN [Boyen 2002].

The c-BN phase can unequivocally be distinguished from the h-BN phase by determining
the interplanar distances for the (111) c-BN (0.21 nm) and (0001) h-BN (0.32 nm) planes,
respectively. Two interesting examples are given in Fig. 3.19 b, c obtained by zooming into
Fig. 3.19 a. In Fig. 3.19 b, the c-BN grain is oriented relative to the underlying h-BN as to
optimally fit the 2:3 matching condition with the (111) c-BN planes being parallel to the
(0001) h-BN planes. Nucleation of the c-BN phase on top of h-BN exploiting this 2:3
matching has also been predicted theoretically [Widany 1996]. On the other hand, as
demonstrated in Fig. 3.19 c, there are also c-BN grains with their (111) planes tilted relative
to the underlying h-BN (0001) planes by almost 90°. This does not prove that such tilted
c-BN grains have nucleated in this way, but at least this detail shows that they can overgrow
h-BN in such a tilted orientation [Boyen 2002].
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Figure 3.20. Typical diffraction pattern of the c-BN film. The three the incomplete
diffraction rings corresponded to the c-BN (111), (220) and (311) diffractions are observed.

Fig 3.20 represents a typical diffraction pattern of the c-BN film. The three incomplete
diffraction rings corresponded to the c-BN (111), (220) and (311) diffractions are observed.
Even though the structure of rings is discrete, this cannot be interpreted as preferential c-BN
orientation because of the small electron beam size. Moving the beam along the cross-
sectional specimen, the diffraction spots from c-BN are observed to appear at different
points on the ring. This indicates that the c-BN crystallites are randomly oriented.
In addition, 52 nm thick h-BN film was analyzed by applying electron microscopy
(Fig. 3.21). FTIR measurements identify these samples as consisting of h-BN with some
small amount of c-BN. The film exhibits large compressive stresses of 10 GPa, as
determined from the measurements of the substrate curvature. When analyzing the growing
layers in detail, e.g. by High Resolution Transmission Electron Microscopy (HRTEM)
starting from the substrate surface, one observes, after a strongly disordered and intermixed
Si/BN interface layer, a highly textured nanocrystalline hexagonal boron nitride (h-BN)
layer with its (0001) basal planes perpendicular to the substrate (Fig. 3.21 a). In addition,
confirming the FTIR prediction, some inclusions of cubic phase in the size of about 8 nm
can be clearly seen (Fig. 3.21 a, 3.21 b) close to the surface, this is a signature of possible
nucleation (but, unfortunately, not growth) of c-BN at room temperature keeping standard
deposition conditions.
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Figure 3.21. TEM (a) and HRTEM (b)
images of 52 nm thick h-BN film with
some inclusions of cubic phase close to
the surface.
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3.3 Preparation of Stress-Relieved Thick Films of Cubic Boron Nitride

Here a method will be presented that allows one to overcome the stress-related problems in
order to grow thick c-BN films, which are then stable under ambient conditions
[Widmayer 1999, Boyen 2000, Ziemann 2000]. This procedure is based on two elemental
steps, which then can be repeated periodically. The first step in such a periodic sequence is
simply the preparation of a high quality c-BN film, which, though being compressively
stressed, does not peel off from the substrate, since its thickness of typical 100 nm is well
below the critical value of delamination. In the second step, the compressive stress is
relieved ex situ by bombarding the film with 350 keV Ar+ ions that,  in contrast to high-
energy ion irradiation (170 MeV) [Widmayer 1998], does not lead to an immediate
transformation from cubic into the hexagonal phase [Widmayer 1997]. As will be shown,
this can be guaranteed by keeping the total Ar+-fluence below a certain upper limit
[Widmayer 1999]. If stress relief is accomplished in this way, it remains to be demonstrated
that on top of this relaxed layer another c-BN thin layer can be grown allowing then to
repeat the above two steps periodically until desirable thicknesses are obtained. Another
important point was to find out whether or not c-BN can be grown on top of a c-BN layer,
which had experienced an ex situ ion irradiation step to relieve its compressive stress and
thereby had suffered from surface contamination, without an additional hexagonal BN
nucleation layer according to the model of layered growth [McKenzie 1991]. In the next
paragraphs, results of these two steps as well as of the complete procedure will be presented.

3.3.1 Characterisation of the Film Quality

First, for the preparational step the meaning of ‘high quality c-BN films‘ has to be clarified.
For this purpose all films prepared by the dual beam technique described above, were
analyzed in situ by REELS. A plasmon energy of 31 eV or even slightly above has to be
observed to guarantee the presence of a high quality c-BN film [Widmayer 1998a]. To
correlate the in situ determined REELS data providing information about the near surface
quality of a c-BN film, with its overall volume content of a c-BN phase, ex situ FTIR
measurements are performed and analysed as described in Section 3.2.3 to estimate the
volume fraction of the cubic phase and the value of compressive stress. However, to obtain
a quantitative value for the compressive stress, additional mechanical measurements have to
be carried out. As already mentioned, for this purpose the method of Newton rings is
applied. The cleanliness at the surface of the individual layers in the as-prepared state (in
situ) as well as before an additional deposition step was checked by Auger electron
spectroscopy (AES), confirming also the stoichiometry of the sample. Additionally,
Rutherford backscattering spectroscopy (RBS) has been employed to exclude any
contamination due to heavier elements which are difficult to detect by AES. Information on
the surface topography of c-BN films after each deposition step was delivered by Atomic
Force Microscopy (AFM). Finally,  film thicknesses were obtained by profilometry.
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3.3.2 Ion Induced Stress Relaxation

Next, the possibility of ion induced stress relief will be demonstrated, which forms the
essential step two of our procedure. For this purpose, the as-prepared stressed c-BN films
are bombarded ex situ with 350 keV Ar+ ions. The resulting depth profile of the projectiles
as well as the radiation damage due to nuclear collisions including the effect of cascades if
primary knocked-on target atoms hit other target atoms and so on and so forth, can be very
reliably simulated e.g. by the Monte-Carlo program SRIM [Biersack 1989]. From such
simulations not only the average projected range and straggling of the projectiles can be
extracted, but also the fluence Φ necessary to produce a certain average number of
displacements per target atom (dpa) due to nuclear encounters. To arrive at a dpa-vs.-Φ-
relation, the average minimum energy needed to produce a stable displacement of a target
atom must be known or has to be assumed with typical values around 25 eV. In the present
case of 350 keV Ar+ bombarding c-BN, a projected range of 223 nm and a straggling of
38 nm is obtained. These values indicate that for the standard c-BN film thickness of
150 nm, most of the ions penetrate the film and come to rest within the substrate or, as will
be relevant below, if a second standard c-BN layer is on top of a previously deposited film,
most ions penetrate the uppermost one and come to rest in the second layer. Two results are
essential for this procedure: i.) The medium energy ion bombardment leads to a clearly
notable stress reduction and ii.) Such a bombardment does not result in a significant
transformation of c-BN into h-BN. Both results are demonstrated in Fig. 3.22, where the
development of compressive stress as determined from Newton interferometry is plotted as
a function of the Ar+ fluence for three c-BN films containing different amounts of the cubic
phase (between 60 and 75%) prior to the bombardment [Widmayer 1999].

Figure 3.22. (a) Stress relaxation due to 350keV Ar+ ion bombardment versus ion fluence
for three different c-BN samples. Stress values are determined by Newton interferometry.
(b) Corresponding volume fraction of the cubic phase as measured by IR spectroscopy
versus ion fluence [Widmayer 1999].
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Obviously, Ar fluences above 5·1013 cm-2 produce a dramatic stress relief and lead to almost
completely stress free films for fluences of the order of 1016 cm-2 (Fig. 3.22 a). Similar
behaviour had been observed for irradiation with 350 keV Kr + ions [Widmayer 1997],
which emphasises the importance of nuclear collision cascades to reduce strain. Such high
fluences, however, cannot be used as demonstrated by the curves in Fig. 3.22 b presenting
the volume fraction of the cubic phase determined by FTIR as a function of the ion fluence
Φ. Clearly, for Φ > 1015 cm-2 corresponding to a dpa value of 0.5, i.e. on the average every
second film atom has been displaced once by the ion irradiation, an intolerable amount of
the cubic phase experiences an ion induced transformation into a disordered h-BN phase
[Boyen 2000]. Thus, this effect sets the upper dpa limit, which can be exploited for the ion
induced stress reduction (in Fig. 3.22 this limit is visualized by the vertical arrow).
The influence of medium energy ion bombardment onto the film morphology is
demonstrated in Fig. 3.23  and Fig. 3.24 showing TEM and HRTEM images, respectively,
for a c-BN film with a reduced thickness (20 nm) [Boyen 2002]. In Fig. 3.23 an overview is
given of a larger depth scale, thereby demonstrating that the main effect of the ion
bombardment is to amorphise the Si substrate to a surprisingly well defined depth (dark rim
at approx. 400 nm). This depth can be nicely attributed to the damage profile calculated by
Monte Carlo simulations (SRIM2000 [Biersack 1989]), the result of which is included in
Fig. 3.23 as a solid curve. This profile represents the energy per target atom deposited by
300 keV Ar+ via nuclear collisions into a system consisting of a 15 nm c-BN and a 10 nm
h-BN layer on top of a thick Si substrate. Obviously, there exists a sharp energy threshold
for the amorphisation of Si of the order of 11 eV/(Si atom), which compares very well with
previous reports [Claverie 1988].
In the magnified view (Fig. 3.24), the ion bombarded h-BN and c-BN layers can be
analysed in more detail. Obviously, the layered structure of the film remained unchanged
during ion irradiation showing both, the h-BN nucleation layer (thickness 8 nm) with its

Figure. 3.23. TEM  image of a c-BN film after ex situ ion bombardment with 300-keV Ar+

ions in order to release compressive stresses. The damage profile as calculated by Monte
Carlo simulations (SRIM2000 [Biersack 1989]) has been added representing the energy per
target atom deposited by 300-keV Ar+ ions via nuclear collisions [Boyen 2002].
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Figure. 3.24. HRTEM  image of a c-BN film after ex situ ion bombardment with 300-keV
Ar+ ions in order to release compressive stresses. Obviously, the layered structure of the
film remained unchanged during ion irradiation [Boyen 2002].

basal planes mostly oriented perpendicular to the substrate surface, and the c-BN layer on
top of it, respectively. Thus, 300 keV Ar+ irradiation under optimised conditions does not
significantly influence the layered structure of the c-BN film (Fig. 3.22 b), which maintains
its properties as already expected from the FTIR measurements mentioned above.

3.3.3 Sputter Cleaning

After the ion induced stress relaxation of a c-BN film, the next step is to transfer the sample
back into the deposition chamber, to anneal the ion bombarded film at the deposition
temperature 420°C for two hours [Widmayer 1999]. Before depositing a new c-BN film on
top of the already relaxed layer sputter cleaning its surface should be applied. In our case,
this is achieved by operating the assisting ion source as a sputter gun using the same mixture
of argon and nitrogen ions with the energy of 280 eV as during deposition. The
effectiveness of the cleaning step in removing carbon and oxygen contaminants from the
surface can be seen from the Auger data given in Fig. 3.25, which shows typical AES
spectra for the  as-prepared state (Fig. 3.25 a), after (ex situ) ion bombardment to  release
strain (Fig. 3.25 b), and after in situ sputter cleaning prior to the deposition of an additional
BN layer (Fig. 3.25 c).It is also worth noting that after such a sputter cleaning a plasmon
energy of 31.3 eV is observed using 1.5 keV primary electrons. This value, indicating a high
quality c-BN film, is practically identical to the plasmon energy determined in situ on the
as-prepared film prior to exposing to ambient conditions to perform the ion induced stress
relaxation. This result confirms that sputter cleaning under deposition conditions of a c-BN
film, which bad been exposed to the ambient for additional ion treatment, restores the
surface properties of the as-prepared film [Boyen 2000]. Once this condition is established,
the deposition is restarted and a second c-BN film is prepared. If this is possible, the whole
sequence will be repeated periodically to grow a thick, stress relieved c-BN film
[Boyen 2000].
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Figure 3.25. The influence of the preparation conditions on the surface properties measured
by AES: (a) as-prepared state; (b) after 300 keV Ar + ion bombardment; (c) after 2 min
sputter cleaning [Boyen 2000].

3.3.4 Quality of the c-BN/c-BN Interface

The above sequential procedure to grow thick c-BN films immediately imposes the question
as to the morphology of the substrate/growing film interface. Nominally of course, this is a
c-BN/c-BN interface, which should give no problem at all. However, since the c-BN
substrate had been exposed to ambient conditions for ex situ ion bombardment, the situation
is more complex. It is not guaranteed that a cleaning procedure of the substrate surface can
be developed allowing an immediate and continuous c-BN growth on top of a c-BN
substrate. Rather, one could imagine that a similar growth sequence may occur, as usually
observed at the interface of a standard Si-substrate when preparing c-BN. In that case, a thin
amorphous intermixed layer is first found followed by another interlayer of h-BN with its
basal planes becoming perpendicular to the substrate surface. This h-BN sheath then serves
as a nucleation layer and substrate for the actual c-BN film growth [McKenzie 1990,
Takamura 1999]. This can be determined in more detail by referring to Fig. 3.26 where a
series of IR spectra are shown that demonstrate the relative changes in the absorbance
behaviour due to the sequential growth of individual c-BN top layers [Boyen 2000]. The
spectra are offset for clarity and ordered by increasing total thickness of the c-BN film as
indicated by the corresponding numbers. The quality of the deposited material can be judged
by inspection of the line shape of the IR patterns which all reflect growth of almost pure
c-BN as is indicated by only a small, or even completely absent, h-BN longitudinal optical
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Figure 3.26. Relative changes of the IR absorbance due to the sequential growth of four
additional BN layers prepared on top of a c-BN seed layer (thickness 50 nm). Between each
deposition step, stress reduction of the as-prepared top layer was achieved by 300 keV Ar +

ion bombardment [Boyen 2000].

(LO) mode located at 1380 cm–1. It has to be noted that, due to the nanocrystalline structure
of the growing film, a certain amount of h-BN-like material must be present at the grain
boundaries [Boyen 2000]. Such a contribution, however, cannot be resolved in our IR
spectra.
To exclude the absence of additional h-BN simply due to a limited resolution of the FTIR
technique, a detailed HRTEM analysis of the c-BN/c-BN interface was performed a typical
result of which is presented in Fig. 3.27 [Boyen 2002]. Here, a 70 nm thick film, composed
of a 40 nm thick stress released, sputter cleaned layer and 30 nm thick second layer, was
used for the investigation. The first layer contains only 10 nm of h-BN interlayer (for the
detailed description the reader will be referred to Sec. 3.2.7). Thus, if there is no additional
h-BN layer at the c-BN/c-BN interface, an increase of the c-BN content of the sample is
expected up to a value of 60 nm/70 nm = 0.85. This is confirmed by FTIR measurements
revealing exactly a c-BN content of 85%. Furthermore, by these measurements no increase
of the h-BN concentration could be detected within the error bars. Fig. 3.27 a gives a cross-
sectional overview of the total layer and the Si substrate with the different phases labeled at
the margin. The frame labeled `interface region' encloses the area, where, according to the
independently determined thickness of the first c-BN layer, the interface to the second layer
is to be expected. A magnified view of this 9-nm-thick cross-section is given in Fig. 3.27 b.
There is no indication at all pointing to a resolvable c-BN/c-BN interface made visible by,
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Figure 3.27. (a) HRTEM cross-sectional overview of a 30-nm c-BN film deposited on top of
an ex situ stress released 40-nm c-BN substrate film which itself has been prepared on
Si(001). Prior to the deposition of the second layer, the c-BN substrate layer has been
sputter cleaned using the beam of the assisting ion source under exactly the same conditions
as during the deposition process. (b) Magnified view of the interface region between the
individual c-BN layers demonstrating that c-BN can be grown on top of a c-BN substrate
without an h-BN interlayer even if the substrate film has been exposed to air [Boyen 2002].
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e.g. an additional interlayer of h-BN. Thus, we conclude that c-BN can be grown on top of
the c-BN substrates without an h-BN interlayer, even though the substrate had been ex situ
ion bombarded to release its stress. A necessary pre-condition to arrive at this result is,
however, that the substrate is appropriately cleaned and analysed in situ before restarting the
further c-BN deposition [Ziemann 2000].
One remark should be made to shed some light on the FTIR resolution to detect h-BN from
the integrated intensity of the corresponding TO line at 1380 cm-1. Since the TEM analysis
was always accompanied by corresponding FTIR measurements, in case of failures (e.g. due
to imperfect in situ substrate cleaning) the thickness of an additional h-BN interlayer as
observed by HRTEM could be compared to the h-BN FTIR intensity. In our experience,
undeliberately produced h-BN layers with a thickness above 5 nm can be reliably detected
by taking relative FTIR spectra (i.e. spectrum after an additional layer has been deposited
divided by the spectrum taken before this deposition) [Boyen 2002].
Since we know from Fig. 3.26 and Fig. 3.27 that nearly pure c-BN can be grown on top of a
c-BN seed layer (which itself contains a textured h-BN nucleation layer with a thickness of
typically 10–30 nm), the c-BN volume fraction of the 1.3 µm thick film could, in principle,
exceed a value of 97%. However, the actual c-BN content of this film determined from the
corresponding IR spectrum (Fig. 3.28) amounts to 86%, indicating the presence of
additional h-BN.

Figure 3.28. IR spectrum of a 1.3 µm thick film [Boyen 2000] decomposed into its different
components according to Ullmann et al.[Ullmann 1999].
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      50 nm c-BN; RMS = 1.3 nm       200 nm c-BN; RMS = 8 nm

      560 nm c-BN; RMS = 36 nm         1.3 µm c-BN; RMS = 80 nm

Figure 3.29. Surface topography as measured by AFM during the stepwise deposition of a
thick c-BN film.  Mean roughness (total film thickness): (a) 1.3 nmrms (50nm); (b) 8 nmrms

(200nm); (c) 36 nmrms (560 nm); (d) 80 nmrms (1.3µm).

The reason for the development of a certain amount of h-BN especially for larger
thicknesses could be traced back by atomic force microscopy (AFM) measurements to an
increasing roughness during film growth [Boyen 2000]. Fig. 3.29 shows the surface
topography as obtained after different deposition steps. Whereas a relatively smooth surface
is observed with a typical rms-value of 1nm characterising the mean roughness of a 50 nm
thin c-BN film, the deposition of additional c-BN layers is found to monotonously increase
the surface roughness [root mean square (rms) value at a total thickness of 1.3 µm:
80 nmrms]. Since, in our experimental setup, the assisting ion gun providing the low energy
ions is mounted at an angle of 45° to the film surface, an increasing surface roughness can
be expected to result in shaded areas, preventing the ions to penetrate (and, consequently,
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densify) the growing film. In these shaded areas the low-energy ion bombardment necessary
to grow c-BN is strongly suppressed. Thus, the soft hexagonal phase can start to grow. This
limits the deposition of high quality films to thicknesses of the order of 2 µm in the current
experimental setup. This problem could be overcome by, e.g., rotating the substrate during
film growth and, hence, does not represent a principal limitation [Boyen 2000].

3.3.5 Periodic Application of the Sequence

The periodic performance of the two elemental steps of c-BN growth followed by ion
induced relaxation to arrive at thick, stress free c-BN films is demonstrated in the following
Fig. 3.30 [Boyen 2000]. Here, the various sequences and corresponding total thicknesses are
characterised by their stress value using the c-BN TO-line position as an estimate for the
averaged strain present in the growing film. The sequential ion-induced stress relaxation and
stress build-up during further c-BN growth is reflected in the corresponding decrease and
increase, respectively, of the c-BN TO wave number. In this representation, the solid
squares give the stress of the as-prepared sample and the solid circles were obtained after
further annealing the stress-relaxed sample at 420°C for 2 hours under vacuum.

 

Figure 3.30. Position of the c-BN TO line during sequential ion-induced stress relaxation
and growth of a c-BN film up to a total thickness of 1.3 µm. After each irradiation step the
film was annealed in situ at 420 °C for 2 h, leading to a further small shift towards lower
wave numbers in addition to the large ion-induced shift [Boyen 2000].
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Clearly, regrowth of c-BN films on top of previously stress relaxed c-BN substrates results
in a renewed build-up of compressive stress. It should be noted that the observed ion
induced stress relaxation becomes smaller for an increasing total thickness of the c-BN film.
This is expected, since strain, for any deposition step, is averaged over already stress-relaxed
previously grown layers and the compressively stressed additional top layer, the average
maximum value for the stress is expected to decrease with a rising number of individual
layers, finally approaching the relaxed value when the thickness of the additional layer is
negligible compared to the total film thickness. Thus, the maximum c-BN TO wave number
should be shifted downward, approaching a constant value for increasing total film thickness
as observed in Fig. 3.30 for the as-prepared (upper) data points [Boyen 2000]. Similarly,
changes in the film stress due to ion-induced stress relaxation of the topmost layer should
also become smaller with increasing total thickness as is found in Fig. 3.30. In order to
corroborate these findings, additional direct stress measurements (the Newton ring
technique) were performed during synthesis of another thick film (see Fig. 3.31)
[Widmayer 1999], confirming the overall trends mentioned above.

Figure 3.31. The stress behaviour as determined by Newton interferometry during
sequential preparation of a c-BN film up to a total thickness of 1.1 µm [Widmayer 1999].

It is important to note that the above sample is stable under ambient conditions (1.3 µm
thick sample has been stored for three years by now under naturally changing ambient
conditions without any indications for a mechanical instability). Taking additionally into
account the controlled low level of impurities (Ar ~ l at.%, Si < 0.1 at.%;
Fe, W < 0.02 at.%), this sample is one of the first thick high quality mechanically stable
c-BN film [Ziemann 2000].
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3.3.6 Raman Spectroscopy Measurements

Since a thick (>1 µm) c-BN film is obtained the next characterisation was done by applying
Raman spectroscopy to get simultaneous information on phase composition, crystallinity,
and even stress. Raman spectroscopy, like infrared spectroscopy, can detect vibration
frequencies in a molecule. However, while infrared spectroscopy is an absorption
phenomenon, Raman spectroscopy is a scattered-light phenomenon. When an intense beam
of light enters a sample, scattering can occur in all directions, with the frequency of the
scattered light being the same as that of the incident light (ν0). This effect is known as
Rayleigh scattering. Another type of scattering that can occur simultaneously with the
Rayleigh scattering is Raman scattering. It occurs at frequencies higher and lower than (ν0)
and at much lower intensities. The differences ∆ν between the incident and scattered
frequencies are equal to the vibration frequencies of the material. Therefore, Raman
spectroscopy, like infrared provides information about the various functional groups in a
molecule. However, since the selection rules governing the allowable vibration transitions
are different for the two techniques, transitions may be observed in the Raman spectrum
which do not appear in the infrared and vice versa [Long 1977].
Raman spectroscopy measurements were performed by W. Limmer, Abtl. Halbleiterphysik,
University Ulm. A micro-Raman spectrometer with a laser spot size of about 1 µm and a
wavelength of the laser light of 514 nm was used. The laser power was kept below or equal
to 50 mW for the Raman measurements to minimise the influence of temperature variation

Figure 3.32. The Raman spectrum of HPHT c-BN crystals of size 720 µm.
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on the measurements. The spectrometer provides a resolution of 0.5 cm-1.
As a reference, HPHT c-BN crystal ABN600 of size 720 µm (commercially available from
De Beers) was measured during 10 min with the laser power of 10 mW. The corresponding
Raman spectra of this sample is shown in Fig. 3.32. It can be seen that both transverse TO
(1055 cm-1) and longitudinal optical LO (1305 cm-1) c-BN modes [Brafman 1968] appear
strongly in the spectra. However, it has been shown [Saitoh 1991, Matsumoto 2001] that, as
the crystal quality is reduced or the defect density increases, the selection rule that allows
only the near-zone-center phonons to be observed breaks down, leading to broadening and
down shifting of the peaks [Werninghause 1997]. This leads to difficulties in obtaining
well-defined Raman spectra from current c-BN films composed of only small (about 5 nm),
highly defective crystallites. Therefore, even at the increased laser power (50 mW) and very
long duration of the measurements of the 1.3 µm thick c-BN film, asymmetrically broad
Raman peaks were obtained which indicate again a small crystal size and high defect
density in the film. Fig. 3.33 shows the Raman spectra of the 1.3 µm thick c-BN film
prepared by sequential ion-induced stress relaxation and growth procedure described in
Section 3.2.8. Two peaks located at about 1098 cm-1 and 1319 cm-1 are observed and
assigned to scattering by the TO and LO phonon modes of c-BN. There is no any obvious

Figure 3.33. Raman signatures for the 1.3 µm thick c-BN film on Si (100) substrate. The
symmetry-allowed Raman peaks of the cubic structure appear to be rapidly degraded by the
presence of defects, disorder and/or fine crystallite site.
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peak at about 1365 cm-1 which could be attributed to the h-BN phonon mode (2E2g)
[Geick 1966, Huong 1991]. It is difficult to determine the full-width at half maximum
(FWHM) of the peaks based on the spectrum because of the overlapping of these broad
peaks. Furthermore, one can observe a very high background which comes from
photoluminescence due to the high defect density and small crystal size. Considering that
ion bombardment of the substrate was performed during the deposition process,
compressive residual stresses, which exist in the film, cause the LO peak to upshift by
14 cm-1 [Sanjurjo 1983].
In Fig. 3.33 one can see another peak located at about 473.7 cm-1 attributed to the Si phonon
mode, and an additional one at 1598.5 cm-1. The last one could correspond to the amorphous
carbon phonon mode [Cardona 1983], however, the nature of this peak is not clear up to
now.
The results of Fig. 3.33 can be compared with those obtained by H. Saitoh et al.
[Saitoh 1991] using microfocus Raman spectroscopy for a submicron HPHT cubic boron
nitride powder (Fig. 3.34). Obviously, even single crystals of 1 µm size give very broad
c-BN peaks.

Figure 3.34. An example which
compares the Raman signatures
of well crystallized HTHP cubic
boron nitrides of widely different
crystallite sizes, ∼ 1 µm (a) and
2 mm (b), both obtained using a
microfocus Raman spectrometer
[Saitoh 1991].
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3.3.7 Hardness

An important parameter of c-BN films is their hardness. Nanoindentation measurements
were carried out by L. Berger, Abtl. Materialien der Elektrotechnik, University Ulm using a
MTS Nanoindenter. During indentation, the indentation depth versus time and the load
versus time are recorded simultaneously. The data can be displayed as a standart
Load/Depth curve. Data are obtained from one complete cycle of loading and unloading.
The unloading data are then analysed according to a model for the deformation of an elastic
half space by an elastic punch which relates the contact area at peak load to the elastic
modulus. Hardness can be determined from the Load/Depth curve and tip contact area
versus contact depth function.
The local hardness was determined at different film locations. The results revealed a clear
trend towards higher values for data taken close to the centre of the deposited film reflecting
an inhomogeneity due to the profile of the assisting ion beam (Fig. 3.35) [Ziemann 2000].
Within the optimised centre area a value of 48 GPa was obtained in agreement with
previous reports on c-BN films of comparable quality [Mirkarimi 1997]. However this
experimentally obtained value of hardness is smaller than that expected for bulk c-BN of
~70 GPa [Kulisch 1999]. This can be associated with the formation of the soft hexagonal
phase h-BN in shaded areas, as it is described in Sec. 3.3.4, which results in a strong
decrease of the film hardness. Additionally, since c-BN film is nanocrystalline with the
crystallite size of 5 nm, the strongly increased fraction of the material in the grain
boundaries leads to a decrease of its strength and hardness due to an increase of grain
boundary sliding [Vepøek 1999]. A simple phenomenological model describes the softening
in terms of an increasing volume fraction of the grain boundary material fGB with the
crystallite size d decreasing below 10 - 6 nm [Carsley 1995]:
H(fGB) = (1 - fGB)Hc + fGBHGB , (3.26)
with fGB ∝ (1/d). Due to the flaws present, the hardness of the grain boundary material HGB

is smaller than that of the crystallites Hc. Thus the average (measured) hardness of the
material decreases with d decreasing below 10 nm.
This, finally, closes the presentation of a procedure in demonstrating that the preparation of
ultrahard, thick (> 1 µm)  high quality c-BN films, which are stable under ambient
conditions, is principally possible.

25 GPa 48 GPa

Beam profile

Figure 3.35. Hardness measurements
of a 1.3 µm thick c-BN film by applying
a nanoindentation technique. Higher
values for data taken close to the centre
of the deposited film reflect an
inhomogeneity due to the profile of the
assisting ion beam [Ziemann 2000].
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3.4 Diffusion in Boron Nitride Thin Films

3.4.1 Phenomenological Theory of Diffusion

Since most changes in structure occur by diffusion, any real understanding of these changes
must be based on the knowledge of diffusion. Diffusion is the process by which matter is
transported from one part of a system to another as a result of random atom motion
[Crank 1975]. A better understanding of the diffusion kinetics is obtained if the atomic
motion or diffusion mechanisms are considered.
The diffusion mechanisms in semiconductors depend on the chemical properties of the
dopant and host lattice atoms. General factors that influence the diffusion velocity are the
size and charge of the dopant atoms, the concentration of vacancies and other point defects
in the host material, the position of the Fermi-level and the crystalline structure of the
semiconductor. The next topic is concerned with the most common diffusion mechanisms in
crystalline solids and their impact on the diffusion velocity and probability.

34.1.1 Interstitial Mechanism

Interstitial diffusion involves the migration of atoms from one interstitial site to another (see
Fig. 3.36 a). This mechanism involves the closest host atoms along that path where the

Figure 3.36. The most common diffusion mechanisms in crystalline structures:
(a) interstitial diffusion, where the dopant moves from one interstitial site to another,
(b) the vacancy mechanism, where the dopant jumps from a substitutional site to a vacancy
and   (c) the kick-out mechanism, where the dopant moves from an interstitial site to a
substitutional site and at the same time pushes a host atom to an interstitial site
[Ahlgren 1998].

(a) (b) (c)
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diffusing atom squeezes itself through an atomic row, momentarily displacing the
hostatoms. The smaller the atom, the smaller the disturbance and the interstitial diffusion of
light atoms is usually quite fast. An example of such an impurity atom of small radius is
hydrogen, which has been found to diffuse interstitially in some semiconductors
[Pankove 1991].

3.4.1.2 Vacancy Mechanism

In the vacancy mechanism (Fig. 3.36 b) an atom jumps from one substitutional site to a
vacant neighbouring lattice site. Because this mechanism needs a vacancy, the diffusion
velocity will be proportional to the vacancy concentration [Schubert 1993]. The vacancy
concentration in a semiconductor depends on many factors, including the growth method of
the crystal, doping and the position of the Femi-level. Furthermore, if the lattice sites next to
the impurity atom are all occupied, diffusion by the vacancy mechanism can proceed only
when a vacancy has migrated close enough. The impurity and vacancy diffusion velocities
are thus connected: fast vacancy diffusion also implies fast impurity diffusion.
Experimental results for diffusion by the vacancy mechanism show that the activation
energy for atoms belonging to the same group in the periodic table of elements is about the
same [Fuller 1955]. This indicates that the diffusion by the vacancy mechanism does not
strongly depend on the dopant atomic radius. The charge state of the dopant atom and of the
vacancy can significantly affect the diffusion. The diffusivity increases when the dopant
atoms and vacancies have opposite charges and decreases if they have charges of the same
sign. The vacancy mechanism can explain, for example, silicon diffusion in GaAs
[Ahlgren 1998].

3.4.1.3 Kick-Out Mechanism

If the size of the diffusing atom approaches the size of the lattice atoms, diffusion by kick-
out mechanism becomes more probable. In the kick-out mechanism the impurity atom
jumps to a substitutional site and simultaneously pushes the lattice atom to an interstitial site
(Fig. 3.36 c). In this diffusion model it is usually assumed that most of the dopant atoms
occupy substitutional sites and only a small amount of the dopants are on interstitial sites
and diffuse interstitially.
The previously described diffusion mechanisms are most common in semiconductors, but
other mechanisms also exist. The Longini mechanism [Longini 1962] is similar to the
vacancy mechanism but the diffusing atom is first on an interstitial site and then moves to a
vacancy. Originally it was suggested that Zn and Be diffuse by the Longini mechanism in
GaAs, but recent results indicate that these two p-type impurities diffuse by the Kick-out
mechanism [Yu 1991]. Diffusion where two nearest substitutional atoms change places is
called the exchange mechanism, which is not very probable in close packed crystals due to
the quite large perturbation induced to the system. A related diffusion mechanism that does
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not disturb the system so much is the ring mechanism, where three, four or more atoms
change places when they all circle each other. In a crystal with a substantial concentration of
dislocation loops the queue mechanism, where a row of atoms in a dislocation moves,
becomes more frequent. The relaxation mechanism, a modified version of the vacancy
mechanism, is possible inside a crystal when a small region with no crystalline structure
exists, and where atoms can move like in a liquid. When the temperature of a lattice is close
to the melting point, a few localised regions can exist where lattice atoms are in a liquid
phase. Such regions are more probably created around dopant atoms, which disturb the
lattice and initialise the localised melting.
Other diffusion mechanisms also exist, and it should be kept in mind that the concept of
diffusion mechanism has been created to describe and understand the diffusion phenomena
and that the actual single diffusion jumps can not be directly observed. The jump
mechanism determines if the diffusion is concentration dependent or not. For impurities that
redistribute themselves purely interstitially, the diffusion is concentration independent,
while for the other mechanisms or a combination of these the diffusion more or less depends
on the concentration of the impurities.

3.4.2 Analytical Methods for Solving the Diffusion Problems

This kinetic processes can be treated by assuming that the solid is a continuum, that is by
ignoring the atomic structure of the solid. The problem then becomes one of obtaining and
solving an appropriate differential equation. Mathematical methods for determining
diffusion coefficient are based on the solutions of the two Fick's laws [Shewmon 1963].
If an inhomogeneous single-phase alloy is annealed, matter will flow in a manner which will
decrease the concentration gradients. If the specimen is annealed long enough, it will
become homogeneous and the net flow of matter will cease. Given the problem of obtaining
a flux equation for this kind of a system, it would be reasonable to take the flux J across a
given plane toward the concentration C gradient to be proportional to the concentration
gradient across that plane:

DgradCJ −= , (3.27)
where D is called the diffusion coefficient. This equation is called Fick's first law and fits
the empirical fact that the flux goes to zero as the specimen becomes homogeneous.
Generally it is not possible to investigate diffusion under conditions of constant
concentration gradient, which implies the establishment of a steady state. If a steady state
does not exist, that is, if the concentration at some point is changing with time Fick's first
law is still valid, but it is not in a convenient form to use. Therefore we can substitute it into:

t

C
JDgradCdiv

∂
∂

=⋅−∇=)( . (3.28)

This is called Fick's second law of diffusion.
When there is diffusion in the x-direction only (this is a case which is used for the
interpretation of the experimental data)and if D is not a function of position Eq. 3.28
becomes
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One, therefore, has to determine the concentration as a function of position and time, that is,
C(x, t), for a few simple initial and boundary conditions. In general, the solutions of Eq.
3.29 for constant D fall into two forms. When the diffusion distance is short relative to the
dimensions of the initial inhomogeneity, C(x, t) can be most simply expressed in terms of
error functions. When complete homogenisation is approached, C(x, t) can be represented
by the first few terms of an infinite trigonometric series.

3.4.3 Grain Boundary Diffusion

3.4.3.1 General Formalism

Grain boundary. A grain boundary may be defined as the interfacial transition-region
between two "perfect" crystals (or grains) in a single-phase material, which are in contact
with each other but are differing in crystallographic orientation [Kaur 1988]. Here, by a
perfect crystal we do not, obviously, mean that ubiquitous hypothetical abstraction based on
infinite regular repetition, in space, of the basic structural unit. This is the so-called single
crystal, which contains no imperfections other than point and line defects and free crystal
surfaces. The grain composition on the two sides of the boundary may, or may not be the
same.
According to a nomenclature as, for example, that suggested by Cahn and Kalonji
[Cahn 1982], a clear distinction is made between the two types of interface. The one
between uniphase materials is referred to as a homophase interface and that between
different-phase materials as a heterophase interface or an interphase boundary. A grain
boundary is, thus, a homophase interface. The terms grain boundary and interphase
boundary  are used to distinguish between the two types of interfaces.
This definition of a grain boundary excludes the free surface of a single crystal or any other
type of solid-gas or solid-liquid interface from being classified as a grain boundary. A grain
boundary, thus, has no independent existence of its own and exists only as an interfacial
transition region between two grains, forming a two-dimensional imperfection in crystalline
materials.
The crystallographic symmetries of a grain boundary are much more complex than those of
an interphase boundary. This is so, because for the latter only the symmetry elements of
individual crystals need be considered, whereas for the former additional symmetry
operations arise which carry one crystal into congruence with the other and vice versa.

Grain boundary diffusion. The process of atomic transport due to the random jumping
motion of the atoms along the grain boundaries in a crystalline material is called grain
boundary diffusion [Kaur 1988]. Grain boundaries being highly disordered (as compared to
the adjacent grains) two-dimensional regions, only a few atomic sizes in thickness
(5 ÷ 10 Å), in an otherwise perfect crystal; it is not surprising that they provide, in general, a
much more open medium for the atomic movements than the adjoining grains. As a
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consequence of this greater structural transparency the activation energy for the diffusion
process along grain boundaries, in general, is much smaller and the atomic transport orders
of magnitude faster than that in the bulk of the relatively defect free crystal. As in the case
of diffusion in the bulk of a crystal (which is called as volume diffusion), diffusion along the
grain boundaries can also be classified as heterodiffusion and self-diffusion, depending on
whether or not the diffusing atoms are foreign atoms. However, contrary to diffusion in the
bulk, heterodiffusion and self-diffusion in a multicomponent alloy along grain boundaries
are far more complicated processes due to the accompanying grain boundary segregation
effects. Apart from that, the same laws of diffusion are assumed to hold for diffusion along
grain boundaries as those for volume diffusion. These basic laws of diffusion are introduced
briefly in Sec. 3.4.2.
Similar to grain boundaries, interphase boundaries also act as paths of rapid atomic
transport. In analogy with grain boundary diffusion, enhanced diffusion along interphase
boundaries is termed interphase boundary diffusion. Since the basic mathematical treatment
of diffusion along interphase boundaries is similar to that along grain boundaries, for all
theoretical considerations we shall treat interphase boundary diffusion as a special case of
grain boundary diffusion.

3.4.3.2 Importance

It is a well-known fact that the various solid-state reactions, phase transformations and other
microstructural changes occurring in solid-state materials are, in general, diffusion
controlled. The diffusion process itself, in turn, is strongly influenced by the structure of
these materials. Imperfections such as solid-solid interfaces, and grain boundaries in
particular, are the most important short-circuiting paths. Diffusion along grain boundaries
being orders of magnitude faster than through the bulk of the crystal plays a key role
(especially at temperatures below 0.6·Tm, Tm - melting point of the matrix) in many
processes involving material rearrangement, such as Coble creep, sintering, diffusion-
induced grain boundary migration, discontinuous precipitation, discontinuous dissolution,
discontinuous coarsening, eutectoid decomposition in substitutional solid solutions,
recrystallization, grain growth etc. Therefore, a knowledge of the grain boundary diffusion
data is absolutely essential to quantify and to understand the mechanism of these processes
which are of great importance in industrial applications.
Further, since the experimental investigations indicate that diffusion in the grain boundary is
dependent on the misorientation between the grains, a study of grain boundary diffusion
provides a tool to investigate the atomic structure and properties of grain boundaries. Thus,
the importance of grain boundary diffusion studies is not limited to the technological
applications only, but is also undeniable in the material sciences.
Another important sphere of modern technology, where grain boundary diffusion studies are
of utmost importance, is microelectronic and optoelectronic devices. These devices are, at
least partly, based on multilayer thin-film structures, the thicknesses of which are
comparable to the diffusion distance at the operating temperatures. The long-term stability
of these devices as well as efficient performance depend largely on the physical integrity of
the discrete thin-film structures of the device. Thin films, due to their special characteristics,
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such as large surface-to-volume ratio, high density of structural imperfections and the
possibility of large composition and/or stress gradients, are highly vulnerable structures.
Because of the large grain boundary density in polycrystalline thin films, grain boundary
diffusion is the most dominant transport mechanism in thin-film structures at the relatively
low temperatures of device operation. In most cases this results in detrimental effects, and
eventually in device failure. For example, electrical contact failure can occur due to grain
boundary diffusion of impurities from the adjacent layers which may cause an increase of
the contact resistance, loss of ohmic characteristic, loss of adhesion, breaking or shorting of
circuits, etc. Failure of electronic or optical characteristics of these devices may also occur
due to intermixing (mainly by grain boundary diffusion) and compound formation between
different layers. Therefore, an understanding and controlling of the grain boundary diffusion
processes in thin films is extremely important to ensure the integrity and improve the
reliability of thin-film devices. The efficiency of the diffusion barriers used to prevent
undesirable intermixing between different layers of a thin-film device is also influenced by
the grain boundary diffusion characteristics of the barrier layer. The phenomenon of grain
boundary diffusion can bring about also beneficial changes in the characteristics of
materials. Also, the intermixing due to grain boundary diffusion can lead to homogeneous
alloy films at low temperatures, thus, enabling a continuous variation of the optical and
electronic characteristics. All these factors have generated a lot of interest and stimulated
much activity in the field of grain boundary diffusion, as reflected in the large number of
publications on the subject every year.

3.4.4 Analytical Models of Grain Boundary Diffusion

In this chapter a brief discussion of the various analytical models of grain boundary
diffusion was given from the viewpoint of their complexity and their proximity to a realistic
situation [Kaur 1988]. The simplest analytical model assumes a grain boundary to be an
isotropic semi-infinite slab of uniform width embedded in a semi-infinite perfect crystal, the
surface of which, where the diffusant resides, is perpendicular to the grain boundary
(Fig. 3.37 a). We shall refer to such a boundary as an ideal boundary and the model as the
isolated boundary model. The grain boundary in a bicrystal having the appropriate geometry
is the nearest approximation to the ideal one. The second mathematical treatment in the
hierarchy is that of diffusion in a set of uniformly spaced ideal boundaries (Fig. 3.37 b). A
specimen having uniaxially oriented rectangular columnar grains would be the closest
approximation to the case of parallel boundaries. Next, we consider all the dimensions of
the grain boundary to be finite, as shown in Fig. 3.37 c. This corresponds to the case of a
polycrystalline specimen having, for example, cubic grains forming a 90°-crossed network
of grain boundaries. Between the model of cubic grains and the real situation in a
polycrystalline specimen   (Fig. 3.37 e) having randomly oriented grains and same grain size
distribution, is the model of spherical grains (Fig. 3.37 d). Here the boundary is treated as a
second phase having its own equilibrium and kinetic characteristics.
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Figure 3.37. Schematic representation of the various analytical models of grain boundary
diffusion : (a) isolated boundary, (b) parallel boundaries, (c) cubic grains, (d) spherical
grains and (e) general polycrystal [Kaur 1988].

In the real situation in a polycrystalline specimen (Fig. 3.37 e) it is seldom possible to
decouple grain boundary diffusion from volume diffusion which occurs due to the leakage
of the diffusant through the "walls" of the boundary into the adjoining crystal. The extent to
which this leakage occurs depends on the relative magnitudes of volume diffusion
coefficient (D), grain boundary diffusion coefficient (Db), and the diffusion parameter

21232 tD

Db⋅
=

δ
β . They are all determined by structure in term of grain boundary width ä as

well as by the experimental conditions such as temperature T and anneal time t. In the limit
of negligible diffusant leakage into the crystal, which is rather difficult to achieve under
normal experimental conditions, the boundary may be considered to be almost independent
of the crystal. For such cases the solutions for diffusion in a homogeneous medium, i.e.
those for volume diffusion, must also be valid for grain boundary diffusion. On the other
extreme corresponding to extensive diffusant leakage into the crystal, problems arise, if the
grain boundaries are not sufficiently apart, due to the resultant overlapping of the leakage
fields from the neighbouring grain boundaries. In between these two extremes is the case of
coupled grain boundary and volume diffusion in isolated boundaries. Here, since the
boundaries are sufficiently far apart, the behaviour of an assembly of grain boundaries may
be described simply as that of a single isolated boundary multiplied by the number of
boundaries.
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Figure 3.38. Schematic illustration of type-A, B and C diffusion kinetics in a polycrystal
containing uniformly spaced grain boundaries [Kaur 1988].

It was found that the experimental conditions (mainly temperature and anneal time) control
the extent of the lateral diffusant leakage from the grain boundaries into the adjoining grains
[Kaur 1988]. This, in turn, determines the extent to which the transport along the grain
boundaries is influenced by the bulk and hence, the type of kinetics prevailing under the
given experimental conditions and the mathematical analysis to be used. Depending on the
extent of leakage, which is measured in terms of the volume diffusion length 2(Dt)1/2, three
types of diffusion kinetics regimes (Fig. 3.38) may be distinguished. These are referred to as
type A, B and C after Harrison [Harrison 1961] who first made a detailed analysis of the
kinetics of diffusion and classified the various possible types of behaviour of diffusion along
grain boundaries (or dislocations) as follows.
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3.4.4.1 Type-A Kinetics

This refers to the limiting case of long diffusion anneal times, small grain size, and/or
volume diffusion coefficient not much smaller than the grain boundary diffusion coefficient,
so that the volume diffusion length is much larger than the spacing between the grain
boundaries and the leakage fields from different grain boundaries overlap each other
extensively (Fig. 3.38 a) [Kaur 1988]. Under these conditions the diffusant does not remain
confined to any particular boundary. After migrating same distance in one boundary it
diffuses out into the crystal and enters the neighbouring boundary, continuing this process
throughout the diffusion anneal. If the extent of overlapping is large, each diffusant atom
would have moved along a number of grain boundaries as well as through the grains in
between, before any experimental measurement is made. This means that on a macroscopic
scale the atomic transport is characterised by a single effective diffusion coefficient which
represents an average of D and Db weighted in the ratio of the number of diffusant atoms in
the grains to that in the grain boundaries. On a macroscopic scale, thus, the whole system
appears to obey Fick's law as for a homogeneous system (i.e. planar diffusion front, or
isoconcentration contours parallel to the diffusion source) with an effective diffusion
coefficient (Def), which is larger than the volume diffusion coefficient, and with a
penetration depth z proportional to t1/2. This explains why the volume diffusion coefficient
measured for a polycrystal is always found to be higher than that for a single crystal. Def is a
true diffusion coefficient in the sense that it corresponds to all the diffusing atoms
irrespective of whether they move in the grain boundaries or in the crystal. Def is related to
the volume diffusion and grain boundary diffusion coefficients as follows :

Def = gDb + (l - g)D,                          (3.30)

where g is the fraction of atomic sites that are in the grain boundaries (or dislocations, as the
case may be) and is given by the volume fraction of grain boundaries in the polycrystal.
Eq. 3.30 was first proposed by Hart [Hart 1957] and shows that if g is very large (i.e. very
closely spaced grain boundaries, or in other words, very small grain size), the polycrystal
behaves as a homogeneous medium having grain boundary diffusion coefficient as the
effective diffusion coefficient. However, even though the grain boundaries contribute in a
way so as to enhance the overall diffusion process, there are no marked differences between
the bulk and the grain boundary concentrations. Consequently, it is not possible to observe
grain boundary diffusion under conditions of type-A kinetics using a method (such as
autoradiography) which reveals concentration contrasts.
The possibility of the occurrence of type-A kinetics was first discussed in brief by Hart
[Hart 1957] and Lidiard and Tharmalingam [Lidiard 1959] for diffusion along dislocation
networks. For g close to unity type-A kinetics provides a means of determining Db

independent of the knowledge of the grain boundary width (δ).

3.4.4.2 Type-B Kinetics

Under the most often encountered experimental conditions the grain boundary diffusion
behaviour can be described by type-B kinetics. Here, grain boundary diffusion takes place
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with simultaneous volume diffusion from the boundary into the crystal, but in contrast to
type-A kinetics the grain boundary spacing is large enough for the boundaries to be
considered as isolated [Kaur 1988].
The diffusant is not uniformally distributed, the concentration being maximum at the grain
boundary and decreasing rapidly in the direction perpendicular to it (Fig. 3.38 b). Further,
the diffusant penetration is much deeper along the grain boundaries than anywhere else.
Consequently, on a macroscopic scale the system may seem not to obey Fick's law, the
penetration depth being proportional to approximately tl/4 instead of tl/2 found for a
homogeneous medium.
The diffusion profiles in type-B domain consist of two distinct parts: a high-concentration
steep part close to the source is characteristic of volume diffusion, while a low-
concentration flat part in the deeper region represents grain boundary diffusion.

3.4.4.3 Type-C Kinetics

Short diffusion anneal times and/or the volume diffusion coefficients negligibly small as
compared to the grain boundary diffusion coefficient result in volume diffusion lengths
much smaller than the grain boundary width ((Dt)l/2 << δ). Under these conditions diffusion
may be considered as taking place only within the grain boundary with negligible sideways
leakage into the adjoining crystals (Fig. 3.38 c) [Kaur 1988]. The advancement of the
diffusant is characterised by only one true diffusion coefficient and that is the one of the
diffusion within the grain boundary (Db). As a result, the system obeys Fick's law as for
diffusion in a homogeneous medium with penetration depth being proportional to tl/2, since
the grain boundary behaves as if it were independent of the adjoining grains. The diffusion
coefficient Db can be evaluated in the same way as the volume diffusion coefficient. Unlike
for type-A kinetics, the question of an overall single effective diffusion coefficient Def does
not arise here, because the mobility of the diffusing atoms is highly nonuniform, being very
large in the boundary and almost zero outside it in the crystal. Thus, using a depth profiling
method Db can be determined without any knowledge of the grain boundary thickness.
However, for non-profiling measurement techniques (such as the exchange and the surface
accumulation method), where absolute magnitudes of the quantities averaged over the
specimen volume are involved, the evaluated diffusion coefficient is only an apparent one.
Determination of the true grain boundary diffusion coefficient in these cases requires the
knowledge of the grain boundary volume fraction in the specimen, and hence also the grain
boundary thickness.
Type-C kinetics for self-diffusion is usually difficult to get established under normal
experimental conditions because of the extremely short (in the order of a fraction of atomic
dimensions) volume diffusion lengths required. Only at very low temperatures and for
extremely short diffusion anneal times is it possible to restrict the diffusion process to
within the grain boundaries.
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3.4.5 Temperature Dependent Behaviour of Argon Incorporated into
Boron Nitride Thin Films

Recent reviews on various preparation methods and their parameter spaces, given in
[Kulisch 1999], indicate that in most preparational approaches various mixtures of nitrogen
and argon ions are used for the bombardment with energies of typically some hundred eV.
As a consequence, one expects an incorporation of Ar atoms into c-BN films with the total
amount especially depending on the applied energy of the Ar+ ions as well as the deposition
temperature, both parameters influencing the sticking probability of argon. Furthermore,
with this probability being fixed, the concentration of incorporated Ar is anticipated to scale
with the ratio of the argon and the boron fluxes impinging onto the substrate. With all these
parameters kept constant during the film deposition, a rather homogeneous Ar depth profile
is expected [Deyneka 2003]. There is, however, an additional subtle detail related to the
growth of c-BN films at least on top of the silicon substrate. When analysing the growing
layers in more detail, e.g. by High Resolution Transmission Electron Microscopy (HRTEM)
(see Sec. 3.2.7) starting from the substrate surface, one observes, after a strongly disordered
and intermixed Si/BN interface layer, a nanocrystalline highly textured hexagonal boron
nitride (h-BN) layer, which has its basal planes perpendicular to the substrate [Boyen 2002].
In the context of the present work such a layer sequence opens the possibility that argon is
preferentially incorporated in one of the above phases, e.g. in the less dense h-BN layer
resulting in an inhomogeneous Ar depth profile. In that case, the question arises whether the
c-BN layer being on top of the h-BN acts as a diffusion barrier impeding the argon from
diffusing out even at elevated temperatures. Such a behaviour might be expected from the
structural similarity of c-BN and diamond, for which considerable thermal diffusion is
known only for a few elements like hydrogen/deuterium, nitrogen, oxygen and boron
[Popovici 1995; Chrenko 1977; Narducci 1990; Ahlgren 1998].

3.4.5.1 Argon Depth Profiles

To test the conjecture that the layer sequence h-BN/c-BN is reflected in the corresponding
Ar depth profile, RBS measurements were performed on a 34 nm thick c-BN film grown by
the dual beam IBAD technique under standard conditions as described in Sec. 3.1.2. The
overall concentration of the cubic phase in this sample was 83% as determined by FTIR.
The RBS spectrum obtained using 700 keV He++ ions is presented in Fig. 3.39 with an
enlarged view (x30) emphasising the contribution from the incorporated argon given as
inset. Since, in RBS spectra, the energy scale of the backscattered He particles can be
uniquely related to a depth scale, the enlarged part of the inset clearly reveals that the
incorporated argon exhibits a strongly inhomogeneous depth profile. In more detail, the
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Figure 3.39. RBS spectrum obtained using 700 keV He++ ions from 34 nm thick as prepared
c-BN film. An enlarged view (x30) of inset emphasises the contribution from the
incorporated Argon. Ar concentration profile is given in addition inset according to
simulations applying the computer code RUMP [Deyneka 2003].

dashed vertical line indexed „Ar“ indicates backscattering events from Ar-atoms occurring
immediately at the sample surface, while lower energies correspond to a larger depth. Thus,
the observed Ar profile indicates that, within the cubic phase of the film being closer to the
surface, the Ar concentration is significantly lower than in the hexagonal/mixed layer closer
to the substrate. Additionally, though less important, the inset of Fig. 3.39 shows the
presence of small amounts of Fe and W contaminants resulting from sputtering a steel
aperture confining the primary beam and from the evaporation of the hot W-filament of the
corresponding ion source, respectively.
To extract more quantitative results from RBS spectra like that of Fig. 3.39, simulations
were performed applying the computer code RUMP allowing to adjust calculated RBS
spectra to the experimental ones. In the present case, the sample is modelled by assuming a
25 nm thick c-BN layer on top of 9 nm h-BN deposited onto a thick Si substrate, i.e. the thin
amorphous interlayer at the substrate and the h-BN layer (cf. Fig. 3.19) are not distinguished
in the model. Additionally, to obtain the excellent agreement between experiment and
simulation demonstrated by the solid line in the inset of Fig. 3.39, the Ar depth profile had
to be used given as additional inset. Thus, RBS reveals an average argon concentration of
CAr = 3.6 at.% within the h-BN layer significantly larger than the value of CAr = 0.3 at.%
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Figure 3.40. RBS spectrum obtained using 700 keV He++ ions from 52 nm thick as prepared
h-BN film. In the inset a magnified view (x30) of the Ar profile is given together with the
result of the RUMP simulation and the extracted Ar depth profile [Deyneka 2003].

within the c-BN. Close to the surface, the Ar profile exhibits a concentration gradient of the
order 0.3 at.% / 5 nm. The RBS data reported in Fig. 3.39 revealing a much higher Ar
content of the h-BN layer as compared to the c-BN part of the sample are qualitatively in
agreement with previous measurements by Plass et al. [Plass 1997]. Quantitatively,
however, it turned out that those samples contained significantly higher average argon levels
with 2.5 at.% within the cubic and 4.0 at.% within the non-cubic phase, probably reflecting
the higher energy of 500 eV of the assisting ion beam.
To test whether the high argon concentration within the h-BN layer in the above “c-BN”
samples is an intrinsic property of h-BN or rather is a consequence of having grown c-BN
on top of it, argon depth profile is determined for thick h-BN film, applying Rutherford
Backscattering experiments. A representative RBS spectrum of such a 52 nm thick film,
taken with 700 keV He ions, is shown in Fig. 3.40. In the inset to this figure, again a
magnified view (x30) of the Ar profile is given together with the result of the RUMP
simulation and the extracted Ar depth profile. This profile may be taken as a first hint that
there is an Ar enrichment within a layer of 5 nm close to the Si substrate. Since, on the other
hand, HRTEM measurements on the same sample (cf. Fig. 3.21) revealed an intermixed
amorphous Si/BN layer of 3 nm, it appears natural to attribute the enhanced Ar trapping to
this layer. In view of the fact, however, that its thickness is close to the RBS depth



Chapter 3 RESULTS AND DISCUSSION                                                                        79
__________________________________________________________________________

1000 1500

 

 

4nm BN film

9nm BN film
Si

x30

x30

W
Mo

Ar

C
ou

nt
s

Channel

 measurement
 simulation

Figure 3.41. (a) RBS spectra obtained using 700 keV He++ ions from 4 nm and 9 nm thick
BN films. An enlarged view (x30) in the inset emphasises the contribution from the
incorporated Argon. (b) A summary of the Ar profiles presented so far, where the Ar-parts
of the different RBS spectra are put together using normalised heights, which are
independent of the total fluence of the analysing He++ beam [Deyneka 2003].

resolution limit, one might as well average the argon concentration to obtain CAr = 2.2 at.%,
which is of the same order of magnitude as found for h-BN capped by a thick c-BN layer.
Thus, the high argon levels obtained under the present preparation conditions for h-BN
appear to be intrinsic.
To test the concentration gradient close to the surface in more detail, additionally ultrathin
BN layers were analysed. For this purpose, 4 nm and 9 nm thick BN films were deposited
under the standard conditions for c-BN preparation. Thus, the thinnest film should represent
the amorphous intermixed layer and the 9 nm film should include the amorphous as well as
the hexagonal nucleation layer (Fig. 3.41 a).
For the 4 nm thick film, RBS revealed an average Ar concentration of 0.8 at.% as calculated
from the total area of the Ar peak. RUMP simulations of this peak turned out to be
insensitive to any specific concentration profile assumed for modeling. This simply means
that our RBS depth resolution is below 4 nm. Moreover, within 5 nm of undersurface layer
the amount of Ar is strongly reduced because of the concentration gradient at the surface
since the surface is kept at zero Ar concentration. It is worth noting, however, that the RBS
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data clearly indicated a mixing of substrate and film atoms with an approximate ratio of
Si:BN = 1:1 proving the existence of such an intermixed layer.
A similar analysis for the 9 nm thick film delivered an average Ar concentration of
1.8 at.% and the best agreement between the RUMP simulation and the experimental data
was obtained by assuming an identical concentration profile within the first 4 nm from the
surface as given in Fig. 3.40. The slightly smaller value of CAr as compared to the thick
h-BN sample (1.8 at.% versus 2.2 at.%) may be related to the higher deposition temperature
of the 9 nm film (420°C versus R.T.). A summary of the Ar profiles presented so far is
given in Fig. 3.41 (b), where the Ar-parts of the different RBS spectra are put together using
normalised heights, which are independent of the total fluence of the analyzing He++ beam.
This figure immediately demonstrates the main result: Compared to a thick h-BN sample, a
thick c-BN film exhibits a dramatically reduced Ar concentration in that part consisting of a
practically pure cubic phase, while in its stacked h-BN and amorphous layers close to the
substrate CAr approaches similar values as in the h-BN reference. Conversely, this finding
suggests to use such Ar depth profiles as a quality criterion for c-BN films: Only in the case
of no or only a thin (< 5 nm corresponding to the RBS resolution) h-BN layer close to the
substrate an almost homogeneous Ar concentration profile will be seen, while for thicker
h-BN interlayers a clear inhomogeneity will appear with significantly enhanced CAr values.

3.4.5.2 Diffusional Behaviour of Argon Depth Profiles

To investigate diffusional behaviour of Ar depth profiles, the samples are submitted to heat
treatments increasing the temperature step by step up 1100°C. After each step RBS
measurements are performed revealing thermal evolutions of the above Ar depth profiles,
when the samples are held at certain temperatures for 60 minutes [Deyneka 2003].
A series of RBS spectra with focus on the Ar profiles are presented in Fig. 3.42. Here, in
panel (a), the results for a 34 nm thick c-BN film are shown consisting of a 9 nm a-/h-BN
interlayer close to the substrate topped by 25 nm of pure cubic phase. Correspondingly, the
Ar profile of the as-prepared sample (420°C) is strongly inhomogeneous with most of the
Ar being incorporated within the non-cubic interlayer. This feature of the profiles is most
prominently conserved even at the highest annealing temperature of 1100°C though the total
area of the profile significantly decreased for temperatures above 970°C indicating the
outdiffusion of Ar at these temperatures. In order to analyse the diffusional evolution of the
Ar distributions more quantitatively, again RUMP simulations were performed delivering
the corresponding profiles shown in panel (b) of Fig. 3.42. The result of these simulations
are included as solid lines in panel (a) demonstrating an excellent agreement with the
experimental data. The extracted profiles indicate that, after the first annealing step at
730°C, the shape of the Ar distribution is almost exactly conserved and the diffusional
changes of the Ar concentrations within the h-BN and c-BN part of the sample are only
small. A detailed analysis reveals that only about 5% of the total amount of the Ar
incorporated within the h-BN part of the film has diffused out of this layer towards the
surface and, furthermore, that the majority of these Ar atoms completely diffuse out of the
sample (4%), while the rest (1%) remains within the top c-BN layer leading there to a slight
net increase of the Ar concentration. The situation changes qualitatively as well as
quantitatively during the next annealing step at 970°C as can be seen from Fig. 3.42 a and
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Figure 3.42. (a) A series of RBS spectra with focus on the Ar profiles for a 34 nm thick
c-BN film as prepared and annealed for 1 hour at 730°C, 970°C and 1100°C. (b) Argon
concentration profiles as a result of simulations applying the computer code RUMP
[Deyneka 2003].

(b). Though the absolute Ar concentration within the h-BN part still decreases only slightly
from 3.4 to 3.1 at.%, the resulting Ar profile within the top c-BN layer significantly changes
its shape with a clear accumulation of Ar towards the surface. A quantitative analysis as
above reveals that about ¾ of the Ar diffusing out of the h-BN part remains within the top
c-BN layer and only ¼ of it completely leaves the sample in contrast to the behaviour at
730°C. This observation strongly points to the formation of a barrier for the transfer of Ar
atoms across the surface [Tian 2001] due to the possibility of bubble formation. Such a
behaviour is well known for the diffusion of rare gases within Si, where strong gas
accumulations close to the surface are found at temperatures above 650°C [Veen 1986].
This surface barrier remains effective at the final annealing step of 1100°C. Focusing on the
Ar, which is still present within the h-BN part of the sample, it turns out that 40% of it
diffuses out of the h-BN layer at this relatively high temperature without changing the shape
of the resulting profile within the top c-BN including the clear Ar accumulation towards the
surface. Thus, one concludes that only 4% of the large amount of Ar diffusing out of the
h-BN source remains within the upper c-BN layer and most of it is leaving the sample. A
possible interpretation in case of bubble formation could be that their size and density have
an upper limit, above which for each additional trapped Ar another one leaves the sample.
At the moment, however, this is only speculative though consistent with the experimental
observations.
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Figure 3.43. (a) RBS spectra with focus on the Ar profiles for 52 nm thick h-BN film as
prepared and annealed for 1 hour at 970°C and 1100°C. (b) Temperature dependent
evolution of argon concentration profiles extracted from the RBS spectra by performing the
simulation with  the computer code RUMP [Deyneka 2003].

Next, a similar analysis is performed on the diffusional behaviour of the Ar-concentration
within the thick (52 nm) h-BN film of Fig. 3.40. The corresponding RBS results are
presented in Fig. 3.43 (a) together with the RUMP simulations given as solid lines. The Ar-
profiles extracted in this way for two annealing steps at 970°C and 1100°C (each for
60 min) are given in Fig. 3.43 b. When neglecting for a first approximation the
inhomogeneity of the starting Ar profile with its accumulated Ar within the intermixed
interface layer and just looking at the average concentration values, one finds an
outdiffusion of Ar from the starting concentration of 2.2 at.% to 1.5 at.% after the first
annealing step at 970°C to 0.8 at.% after annealing at 1100°C. In more detail, however, it is
obvious from Fig. 3.43 b that the profiles also change their shape with a tendency to
accumulate Ar towards the surface similar as in the c-BN case above. In contrast to c-BN,
on the other hand, most of the Ar diffuses out evenly from the first 47 nm from the surface
while the elevated Ar concentration within the 5 nm thick intermixed layer close to the
substrate is only slightly reduced. This underlines the specific role of the intermixed layer
with respect to its ability to trap Ar and it points to a smaller surface barrier against
outdiffusion in h-BN as compared to c-BN.
To demonstrate the loss of argon more directly, in Fig. 3.44 CAr is plotted normalised to its
starting value CAr(0) to allow comparison of different samples as a function of the annealing
temperature. Since for the 34 nm thick c-BN film it was possible to distinguish between the
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Figure 3.44. (a) CAr plotted normalized to its starting value CAr(0) as a function of the
annealing temperature. Open squares denote Ar content within the a-/h-BN interlayer and
solid squares that within the c-BN for the 34 nm thick c-BN film. Crosses correspond to the
Ar concentration change in the 52 nm thick h-BN film. (b)Comparison data of the
Rossendorf group: temporal evolution of Ar profiles for a 165 nm thick c-BN film (solid
circles) and for a 213 nm thick h-BN film (open circles)  prepared by single beam IBAD and
annealed at 900°C [Deyneka 2003].

Ar content within the a-/h-BN interlayer and that within the c-BN, both values are given in
Fig. 3.44 a. The diffusion of Ar out of the a-/h-BN interlayer (open squares) for
temperatures above 850°C can immediately be seen resulting in a concentration decrease
from 3.6 at.% to 1.9 at.%. On the other hand, the Ar concentration of the c-BN top layer
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(full squares) practically remains constant up to 850°C, while for higher temperatures one
observes a redistribution of Ar from the a-/h-BN interlayer into the c-BN top layer as
already described above leading to a net increase of CAr with CAr/CAr(0) > 1, which is not
included in Fig. 3.44 a. Thus, one has to conclude that Ar can diffuse rather freely through a
c-BN top layer at elevated temperatures. A natural assumption is to ascribe this process to
diffusion along the grain boundaries of c-BN. This immediately suggests that the 0.3 at.%
Ar within the c-BN layer are not incorporated within grain boundaries there, otherwise it
also should diffuse out in contrast to our observation. At this point, however, it cannot
definitely be excluded that argon diffusing out of the c-BN layer into vacuum is substituted
by that diffusing in from the underlying h-BN source. Nevertheless, it appears quite
improbable that such a compensating process conserves the starting value CAr(0) within the
c-BN layer.
Added to Fig. 3.44 a is the effect of Ar-diffusion in the thick h-BN film of Fig. 3.43.
Though the corresponding two crosses in Fig. 3.44 a are nicely in parallel to the open
squares as extracted from the h-BN/c-BN film confirming the existence of significant
diffusion above 850°C within h-BN, the direct comparison of these two situations, i.e. pure
h-BN versus h-BN coated by c-BN (crosses versus open squares in Fig. 3.44), immediately
reveals that the uncoated h-BN exhibits significantly larger Ar losses for a given annealing
temperature and fixed annealing times. Obviously, the c-BN top layer reduces the
outdiffusion of Ar from the underlying h-BN layer.
These observations are confirmed by the results of the Rossendorf group (Fig. 3.44 b) on the
temporal evolution of Ar profiles for samples prepared by single beam IBAD and annealed
at 900°C [Deyneka 2003].Clearly, in the “c-BN” sample CAr stays constant at 900°C (this
point is included in Fig. 3.44 a as a closed dot), while at the same temperature for the
“h-BN” film a marked outdiffusion of Ar can be observed, which, quantitatively, is even
stronger than that found for the h-BN samples of Fig. 3.44 a. This may reflect the different
morphologies of the different types of samples resulting from the different preparational
procedures.

3.4.5.3 Evaluation of the Diffusion Coefficients

The question arises whether diffusion coefficients can be derived from the above Ar
profiles. Taking into account the nanocrystalline structure of boron nitride films, i.e., a large
volume fraction of the grain boundary material, diffusion within the grain boundary only
can be considered. In addition, because of the high c-BN atomic density the volume
diffusion coefficient should be negligibly small. These conditions refer to the type-C
diffusion kinetics discussed in Sec. 3.3.6.3.  In case of type-C kinetics the diffusion
coefficient Db can be evaluated in the same way as the volume diffusion coefficient.
Obviously, due to the complex changes of the shape of Ar depth profiles indicating the
important role of surface barriers, modelling of the diffusional problem can become quite
complicated. In order to simplify the mathematical treatment of different diffusion problems
involving mass transport across the different layers, the case of diffusion in composite film
should be discussed [Crank 1975]. If a film is composed of n layers of thicknesses l1, l2, .., ln

and diffusion coefficients D1, D2, .., Dn, the fall in concentration in the whole film is the sum
of the falls through the component layers. It is supposed that the contact between the layers
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is ideal, i.e., that the resistance against the transfer of matter across the contact interface is
negligibly small. Then the rate of transfer F is the same across each section and the total
drop in concentration, assuming that there are no barriers to diffusion between layers, is
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Diffusion coefficients D1, D2, .., Dn placed in series  has an effective diffusion coefficient D,
given by
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where l is the total thickness of the film.
Considering small thicknesses of the investigated films and vacuum annealing, a planar
geometry representing the film together with a one-dimensional diffusion along the
direction (x) of the film normal and zero Ar concentration at the film surface CAr(l) = 0 is
assumed.
The next question arises concerning argon diffusion into silicon at Si/h-BN interface.
Temperature dependent behaviour of the implanted argon in silicon was investigated by
several groups [Veen 1986; Williams 1976]. However, implantation produced defects play a
role as fast diffusion channels. Unfortunately, Ar adsorption  into monocrystalline defect
free silicon has not been studied up to now but is supposed to be significantly lower. Since
in this work no argon diffusion into the silicon substrate can be observed within the RBS
resolution (cf. Fig. 3.42, 3.43), argon diffusion into the substrate is neglected, i.e., an
impermeable substrate/film interface at x = 0 is assumed.
A last important remark should be made here. Since argon is an inert gas, the reactive
diffusion process can be excluded.
To first approximation the easiest model of Ar desorption by the boron nitride film is taken
with following initial and boundary conditions :
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Here the region of the film 0 < x < l is initially at a uniform concentration C0. In order to
obtain perfectly homogeneous starting profiles the experimental profiles CAr(x) are averaged
over the total film thickness l, i.e. <CAr> = ∫CAr(x)dx/l.
This type of a diffusion problem can be solved exactly [Crank 1975] by describing the
spatial development of the diffusion profile by a cosine Fourier series of the type
cos[(2n+1)πx/2l] with an integer n, and its temporal evolution by a related Gaussian exp[-
D(2n+1)2π2t/4 l2] with D standing for the diffusion coefficient and t for time:
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The total amount of Argon <CAr> in the film can be calculated by integrating Eq. (3.34):
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For each temperature step C0 is taken as a resulting concentration from previous step, i.e.,
the end point (in the meaning of Ar concentration) of the annealing at the certain
temperature is a starting point for the annealing at a higher temperature.
Using this procedure for the highest temperature 1100°C a rough estimate of the order of
magnitude of the high temperature diffusion coefficients related to film h-BN,
DAr

h (1100°C) = 2x10-16 cm2/s and to h-BN/c-BN film  DAr
c (1100°C) = 2x10-17 cm2/s can

be given. The diffusion in h-BN is about one order of magnitude faster than in h-BN/c-BN.
This difference can be also noted in Fig. 3.44. When the same slope of the lines between
temperatures 970°C and 1100°C for crosses and squares considered and the different
thicknesses of h-BN layer are taken into account, it becomes obvious, that matter transport
in the h-BN/c-BN system is slower as compared to that in nearly pure h-BN. Since in
h-BN/c-BN film Ar diffuses from the h-BN base layer through the c-BN top layer, this
double stage diffusion process, according to Eq. 3.32, is controlled by the slowest stage.
Since the estimated value of the diffusivity in hexagonal phase DAr

h is definitely higher, the
effective diffusivity DAr

c, determined for h-BN/c-BN film, describes the diffusion in cubic
phase. It also should be noted that, as already mentioned before, the observed Ar mobility is
predominantly due to grain boundary diffusion. Since the small amount of Ar originally
trapped within c-BN still appears to be immobile (cf. Fig. 3.42 b), the bulk diffusion at least
in c-BN must be much smaller, i.e. Dc

bulk(1100°C) << Dh,c
GB (1100°C).

There are not any values reported in the literature for grain boundary diffusivities of argon
in cubic DAr

c and in hexagonal DAr
h boron nitride. It is thus worth mentioning that these

results (DAr
c (1100°C) = 2x10-17 cm2/s and DAr

h (1100°C) = 2x10-16 cm2/s) can be compared
with the results on diffusion of boron in diamond at 1100°C: DB

diam. (1100°C) = 10-15 cm2/s
[Sung 1996]; and on grain boundary diffusion of deuterium in c-BN as well as h-BN thin
films: DD

c,h(1100°C) = 10-11 cm2/s [Checchetto 2000, 2001]. Here, the difference in the
impurity  atom size should be considered.
Finally, such a low value of diffusion coefficients in h-BN and in c-BN could allow
application of these materials as a diffusion barrier in semiconductor technology.
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3.4.6 Diffusion of Silicon into Boron Nitride Films

Another important point clarified by the RUMP simulation, since we have deposited films at
Ts > 800°C, is related to a possible diffusion of Si atoms from the substrate into the BN film:
No indication for such a process could be found within the RBS resolution (< 0.1at.%) for
depositions at 420°C as well as for deposition temperature as high as 1000°C. The enlarged
views of the corresponding RBS spectra, presented in Fig. 3.45, emphasise the contribution
from possibly incorporated silicon atoms. A quantitative analysis applying the RUMP code
simulation as given by the solid line through the open data points shows that a significant
step should exist within the channel range of 750 to 900 if a level of 0.1 at.% Si would be
present due to diffusion. It is clear from the Si leading edge in Fig. 3.45 (indicated there by a
dotted vertical line close to the element symbol) that no such step is present leading to the
conclusion that within the RBS resolution even at Ts=1000°C no Si diffusion occurs
[Deyneka]. To confirm this observation transmission electron microscopy with energy-
dispersive x-ray (EDX) spectroscopy measurements were applied to a cross-sectional film
deposited on the Si substrate at 1000°C. No indication for silicon has been noted within the
film volume.
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Figure 3.45. RBS spectra with focus on the Si edges for 34 nm thick c-BN film deposited at
420°C and for 40 nm thick c-BN film deposited at 1000°C on the top of 50 nm thick base
layer. The open circles represent experimental results, the solid lines are simulations using
the RUMP code. The dotted vertical lines in the expanded spectrum given as inset indicate
backscattering events from the silicon positioned at the film surface. No indication for Si
diffusion into boron nitride film can be found for a  deposition temperature of 1000°C.
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Figure 3.46. RBS spectra with focus on the Si edges for (a) 34 nm thick c-BN film and
(b) 52 nm thick h-BN film as prepared and annealed for 1 hour at 1100°C. The open circles
represent experimental results, the solid lines are simulations using the RUMP code. No
indication for Si in boron nitride film can be found even after annealing at 1100°C.

Rutherford backscattering spectroscopy measurements were performed after each annealing
step of the 34 nm thick h-BN/c-BN film and 52 nm thick h-BN film at temperatures of
730°C, 970°C and 1100 °C for 1 hour, as discussed in a previous section. RBS data
(Fig. 3.46) show a sharp edge of the silicon peak on the backscattered spectrum from as
deposited films. The shape of this peak does not change even after 1 hour heat treatment at
1100°C. Such behaviour can be related to the negligibly small diffusion of Si even at the
grain boundaries in the less dense material like hexagonal boron nitride. In comparison to
Ar, for which the grain boundary diffusion coefficient in h-BN was estimated to be
DAr

h (1100°C) = 2x10-16 cm2/s, silicon in boron nitride seems to be immobile. The
explanation of this phenomenon lies in a certain resistance at the Si/BN interface. According
to the HRTEM analysis given in the Section 3.2.7 it is commonly accepted that the
nucleation of boron nitride starts from a thin amorphous or probably intermixed
substrate/film layer. It seems that this starting layer plays the role of a barrier for diffusion
of substrate atoms into the film.
This claims a fact that ion beam assisted deposition technique  promotes the preparation of
boron nitride films with very low amount of impurities even at high substrate temperature.
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Chapter 4

Conclusion

This work was focused on the quality characteristics and atomic transport properties of
cubic (c-) and hexagonal (h-) boron nitride (BN) films, prepared by ion beam assisted
deposition (IBAD) technique on top of Si(001) substrates.
In order to overcome the stress/adhesion-related limitation of c-BN film thicknesses, an
approach was taken based on sequential ion-induced stress relaxation and growth of thin
layers stacked on top of each other to form a thick film. An appropriate in situ sputter
cleaning procedure of a c-BN surface, which previously had been exposed to ambient
conditions, was developed resulting in an immediate c-BN growth on top of such a cleaned
substrate without any intermediate amorphous or h-BN layers. This finding may be relevant
for future applications of c-BN films in, e.g. micro-electronics requiring switching between
deposition steps (in situ) and lithography steps (ex situ) without introducing any non-
desirable phase.
On the other hand, for films thicknesses of several microns the growth of the c-BN phase is
found to be superimposed by an increasing amount of the hexagonal phase. The reason for
this phenomenon could be traced back by atomic force microscopy measurements to an
increasing roughness during film growth which, due to our experimental geometry, leads to
shaded areas where the low-energy ion bombardment necessary to grow c-BN is strongly
suppressed. Furthermore, according to High Resolution Transmission Electronmicroscopy
(HRTEM) measurements, c-BN films are also found to be nanocrystalline (typical crystal
size 5nm) with a high density of defects and grain boundaries making electronic
applications with their need for a high degree of crystal perfection practically impossible.
It has been demonstrated that a promising alternative way to enhance the crystalline quality
as well as surface quality of c-BN films is significant increase of the deposition temperature
up to the order of 1000°C. To obtain the cubic phase at temperatures > 800°C on top of Si
substrates, it is necessary to apply a two-stage preparation process with a 50 nm c-BN seed
layer grown first at a medium substrate temperature 420°C followed by the deposition at
elevated temperatures. It is a relevant contribution of the present work to show that 1000°C-
type temperatures does not cause Si diffusion from the substrate into the BN film. Thus, a
low level of impurities (Ar ~ l at.%; Si < 0.1 at.%; Fe, W < 0.01 at.%) indicates the good
quality of boron nitride films deposited by the dual beam technique even at high
temperatures.
Cubic BN and hexagonal BN were studied with respect to the depth profiles of incorporated
argon using Rutherford backscattering (RBS). In all c-BN films, prepared under the most
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widely reported standard conditions on top of Si substrates, the depth distribution of Ar is
clearly inhomogeneous. Quantitative analysis of such RBS spectra clearly demonstrated a
preferential trapping of Ar close to the substrate, where HRTEM revealed the presence of an
amorphous intermixed and an h-BN layer on top of each other. Thus, RBS reveals an
average argon concentration of CA r = 3.6 at.% within the h-BN layer significantly larger
than the value of CAr = 0.3 at.% within the c-BN.
Subsequent annealing steps at 730°C, 970°C and 1100°C combined with RBS allowed to
determine the total amount of Ar diffusing out of a sample as well as the depth profiles of
the residual Ar. Diffusion related changes of the Ar depth profiles for both c-BN and h-BN
were only observed for temperatures well above 730°C. In that case, the Ar mobility is
attributed to grain boundary diffusion, which appears to be one order of magnitude higher in
h-BN than in c-BN film. Grain boundary diffusion coefficients of argon in hexagonal boron
nitride and in cubic boron nitride have been estimated to be:
DAr

h (1100°C) = 2x10-16 cm2/s,
DAr

c (1100°C) = 2x10-17 cm2/s.
On the other hand, bulk diffusion seems to be negligible at least in c-BN even at 1100°C,
since Ar trapped within c-BN grains appears still to be immobile.
Very low atom mobility in boron nitride even at temperature 1100°C offers a possibility to
use BN thin films as a barrier material for high-temperature electronic applications. This
becomes even more advantageous since high crystallinity of films is not required.
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Zusammenfassung

Im Zentrum dieser Arbeit standen die Materialcharakteristika und die
Diffusionseigenschaften von kubischen (c-) bzw. hexagonalen (h-) Bornitridschichten.
Diese wurden mit Hilfe von ionengestützer Depositionsverfahren (IBAD = ion beam
assisted deposition) auf Silizium (100)-Substraten hergestellt.

Das bekannte Stress/Haftungsproblem und die daraus resultierende begrenzte Schichtdicke
wurden folgendermaßen gelöst: In mehreren Zyklen werden dünne Teilschichten auf das
Substrat aufgebracht, die ex situ mit stressmindernden hochenergetischen Ionen behandelt
werden. Nach und nach kann so ein spannungsarmer dicker c-BN Film erzeugt werden.

Desweiteren wurde eine geeignete in situ-Sputterprozedur zur Reinigung der c-BN-
Oberfläche entwickelt. Wurde der so behandelte Film weiter mit BN bedeckt, so erfolgte ein
sofortiges  Wachstum in der kubischen Phase. Es findet sich kein Hinweis auf eine amorphe
bzw. hexagonale Zwischenschicht.
Dieses Ergebnis könnte in zukünftigen Anwendungen der c-BN-Filme verwendet werden.
So wechseln sich z.B. in der Mikroelektronik in situ-Depositionsschritte und ex situ-
Lithografieprozesse ab. Durch die vorgeschlagene  Behandlung kann nun das Einbringen
von unerwünschten Fremdphasen vermieden werden.
Bei der Herstellung von c-BN-Filmen mit mehreren Mikrometern Schichtdicke wurde
jedoch festgestellt, dass ein prozentual zunehmender  Anteil einer hexagonalen Phase
auftritt. Die Ursache liegt darin, dass mit steigender Dicke die Rauigkeit wächst. AFM-
Aufnahmen belegen dies. Bei der zum c-BN-Wachstum notwendigen niederenegetischen
Bestrahlung, die unter einem gewissen schrägen Winkel stattfindet, kommt es daher zu
Abschattungseffekten. Im Zuge dessen treten Flächen auf, bei  denen das c-BN-Wachstum
unterdrückt ist.

Aus der Charakterisierung der polykristallinen c-BN und h-BN-Filme durch hochauflösende
Transmissionselektronenmikroskopie (HRTEM) konnte die Korngröße bestimmt werden.
Sie beträgt 5 nm. Hohe Dichte von Defekten und Korngrenzen verhindert bisher
Elektronikanwendungen, wo typischerweise hohe Kristallperfektion benötigt wird.

In dieser Arbeit konnte ein alternativer aussichtsreicher Weg zur Steigerung der kristallinen
Qualität und Reduktion der Oberflächenrauigkeit aufgezeigt werden. Dieser lag in der
signifikanten Erhöhung der Depositionstemperaturen  bis auf 1000°C. Um die kubische
Phase bei Temperaturen über 800°C auf Silizium-Substrat zu erhalten, ist es nötig, einen
zweistufigen Herstellungsprozeß anzuwenden. Dabei wird zuerst eine 50 nm dicke
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Starterschicht bei einer mittleren Substrattemperatur von 420°C gewachsen. Danach folgt
die Deposition bei erhöhten Temperaturen.
Ein wichtiger Beitrag in diesem Zusammenhang war der Nachweis, dass selbst bei
Temperaturen bis 1100°C  keine Diffusion von Substratatomen  in den BN-Film stattfindet.
Der ohnehin niedrige Gehalt von Verunreinigungen (Ar ~ l at.%; Si < 0,1 at.%;
Fe, W < 0,01 at.%) zeigt die gute Qualität der mit IBAD deponierten  Bornitrid Schichten.

Die Tiefenprofile des eingebauten Argons im kubischen und hexagonalen Bornitrid wurden
mittels Rutherford-Rückstreuung (RBS) analysiert.
In allen c-BN Filmen, die unter den bekannten Standardbedingungen auf Silizium
hergestellt wurden,  konnte eine klare Inhomogenität des Argon-Tiefenprofils festgestellt
werden. Die quantitative Auswertung solcher RBS Spektren zeigen deutlich erhöhte
Argonkonzentrationen nahe dem Substrat, wo  HRTEM-Bilder eine amorphe Mischschicht,
gefolgt von einer h-BN Lage zeigen. Nach den RBS Messungen befinden sich im Mittel
CAr = 3,6 at.% Argon innerhalb der h-BN-Zwischenschicht. Dies übersteigt deutlich den
Wert von CAr = 0,3 at.% im c-BN.
Temperschritte von 730°C, 970 °C und 1100°C mit jeweils nachfolgender RBS-Messung
erlaubten sowohl die Bestimmung des absoluten Argonverlustes durch Diffusion als auch
das Tiefenprofil des verbleibenden Argons.
Erst bei Temperaturen weit oberhalb von 730°C konnte eine Veränderung des Tiefenprofils
durch Diffusion festgestellt werden. Dies gilt für c-BN wie für h-BN.
Die Mobilität des Argons wird der Diffusion durch Korngrenzen zugeschrieben. Diese ist
für h-BN um eine Größenordnung höher als für c-BN. Die Koeffizienten der
Korngrenzendiffusion von Argon in hexagonalem Bornitrid bzw. kubischem Bornitrid
können abgeschätzt werden:
DAr

h (1100°C) = 2x10-16 cm2/s,
DAr

c (1100°C) = 2x10-17 cm2/s.
Die Diffusion innerhalb der Kristallite scheint dagegen vernachlässigbar. Dies gilt
zumindest für c-BN, dies sogar bis 1100°C. Das Argon ist vermutlich  in den c-BN-
Kristalliten gefangen  und nur schwach  beweglich.
Die geringe Mobilität der Atome in Bornitrid selbst bei Temperaturen von 1100°C bietet die
Möglichkeit, BN-Schichten als Diffusionsbarriere in der Hochtemperatur-Elektronik
anzuwenden. Dies erscheint um so vorteilhafter, als eine hohe Kristallinität der Filme nicht
erforderlich ist.
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